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NOTE BY THE AMERICAN EDITOR. 



rv Mt object in undertaking the revision of the Treatise 

^ on Optics by Dr* Brewster was, principally, to introduce 

Z^. an Appendix, containing such a discussion of the subjects 

^ of Reflexion and Refraction, as might adapt the work to 

I use in thope of our colleges in which considerable exten. 

^ sion is given to the course of Natural Philosophy. In 
^ this revision, I have thought it best, without specially 

(V) calling the attention of the reader to them, to correct 

Qv such errors as my comparatively limited knowledge of 

the subject assured me, would not have been passed 

over by the author in a second Edition. 

A. D. BACHE. 
PIUMd^iuh JmL, 183a 
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A TREATISE ON OPTICS. 



INTRODUCTION. 

(1). Opnca, from a Greek word which sonifies to see. Is 
that branch of knowledge which treats of the properties of 
ligrht and of visum, as perfofmed by the human e^e. 

(2). lAfhi is an emanation, or something which proceeds 
frcMn bodies, and by means of which we are enabled to see 
tnem by the eye. All visible bodies may be divided into two 
cla6ses^-«e{^umtnot£« and rum4uminou8. 

Se(f4uminous bodies, such as the stars, flames of all kinds, 
and bodies which shine by being heated or rubbed, are those 
which possess in themselves the property of discharging light 
Non4uminous bodies are those which luive not the power of 
^Uscharging light of themselves, but which throw oack the 
light which fiiSs upon them firom sel^luminous bodisai One 
son-lumiDous body may receive light from another non-lumi^ 
nous body, and discharge it upon a third; but in every case 
the light must ori^nally come from a self-luminous body. 
When a lighted candle is brought into a dark roomt the fi>rm 
of the flame is seen b^ the Tieht which proceeds from the 
flame itself; but the objects in the room are seen by the light 
wiych they receive from the candle, and again throw back ; 
while other objects, on which the light of the candle does not 
fall, receive light Ckmb the white ceiling and walls, and thus 
become visible to the eye. 

(3). All bodies, whether self-luminous or non-luminous, dis- 
charge li^ht of the same color with themselves. A red flhme 
or a red-hot body discharges red li^ht; and a piece ci red 
cloth disch|Li|res red lighC though it is illuminated by the 
white light of the sun. 

(4t\ Light is emitted from every visible point of a luminoos 
or or an illuminated body, and in every direction in which the 
point is visible. If we look at the ^ixane of a candle, or at a 
sheet of white paper, and magnify them ever so much, we 
shall not observe any points destitute of light 
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IS immoDucnoir* 

(Jk) Uf^t moves in stmigfat Ilnes» and oonaifltoof sepante 
•na independent partB, ailled rayf of light , If we admit the 
ligiit of tne aun into a dark room through a small hde, it will 
illuminate a spot on the wall exactly opposite to the son, — ^the 
middle of the spp^ the middle of the hole, and the middle of 
the ion, heliig ilu in the same straight line. Jf there is dust 
or smoke in the room, the prtmess of the light in straifj^t 
lines will be distinctly seen. If we stop a very small portioa 
of the admitted light, and allow the rest to pass, or if we stop 
nearly the whole licht, and aUow only the smallest portion lo 
pa8% the part which passes is not in the slightest degree af> 
meted by its separation fitvn the rest The smallest portion 
c^ light ^ich we can either stop or allow to pass is called a 
ray qf lifht 

(6). Light movies with a velocity of 102,500 miles in a 
second oftime. It tmvels ftom the son to the earth in seven 
mhiates and a half. It moves throng a space equal to the 
cifcomference of our globe in the 8th piut of a second, a 
flight which the swiftest bird could not perform in less than 
three weeka 

J 7). M^en light ikUs npon any body whatever, part of it is 
ected or driven back, iad part of it enters the bpdy, and is 
either test within it or tranemHted through it When the 
bo4y ts fariffht and well polished like m{v«r, a great part of the 
Kght is reflected, and uie remainder lost within tne sdver, 
waich can transmit %ht only when hammered ont into the 
thinnest film. When the body is transparent, like giau or 
water, almost all the li|;fat is tntnsmitted, and only a small 
part of it reflected. The light which is driven back flxim 
bodies is reflected according to particular laws, the considenip 
tion of which forms tiiat branch d optics called eatoptriet; 
and the light which is transmitted through transparent bodies 
is transmitted according to particular laws, the 
of whldi constitutes the subject of cfioplries. 
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PART L 

Oir THB BBTUSXION AND EEFRACTION OF LHQBT. 



CATOPTRICS. 



(8.) CATOPimiQi k that bnnch of optics which tratto of 
the pngretB of laji of light after they are i^lected firom sor- 
fiioea either plane <or curved, and of the fonitioa of imagea 
from objects j^acecl before such surfiicea 

CHAP. L 
BxruEzioir by mncvLL aud MntBiw. 

(9.) Amt aabatance of a regular fbnn employed ist the poiv 
pose of reflecting light, or m finining imarai of objectii is 
^sailed a tpeeidmm or fiitrror. It is geneia% made of metal 
or glaas, having a h^^y polished surmce. The name of mir- 
ror b commonly given to reflectors that are made of glass ; 
and the glass is always quicksQvered on the back, to make it 
reflect more light The word tpeculum is used to describe a 
reflector which is metallic, such as those made of silver, steel, 
«r of grain tin mixed with copper. 

(10.) S^pecula or minors are either jrfsite, oonooss, or 



ApiUme 9peeubim is one which is perfectly flat, like a look- 
ing[-«laa8; a concave tfecvUum is one whieh is boUow like the 
insife of a wateh-^bas ; and a convex tpeevhan is one which 
is round like the outside of a watch-glass. 

Ab the light which fiills upon glass mirrors is intercepted 
by the glass before it is reflected Icom the ouick-silvered sor- 
mee^ we shall suppose all our mirrors to be formed of polished 
metal, as they are in almost all optical instruments. 
(IL) When a ray of light, A D,^. 1., fidls upon a plane 

speculum, M N, at the point D, it will 
be reflected or driven back in a direction 
D '^ which is as much inclined to £ D, 
a line. perpendicular to M N» as the ray 
A D was; that is, the angle B D E is 
equal to A D £, or the dicular aitf B £ 
ii equal to fi A 
B 
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'Hie ray A D is called the irundent ray, and D B the re^ 
fleeted ray, A D £ the angle of incidence^ and B D £ the 
angle of reflexion ; and a plane passmg through A D and 
D B, or the plane in which these two lines lie, is called ^e 
jifone of imndence, or the fdane of reflexion, 

(12.) When the speculum is concave, as M N,^. 2., then 

if C be the centre of the circle rf 
which M N is a part, the incident ray 
A D and the reflected ray D B will 
fenn e(}ual angles with the line C D, 
which IS perpendicular to the small 
portion of the speculum on which the 
ray falls at D. Hence in this case also 
the an^le of incidence A D £ is equal 
to the angle of reflexion B D £. 
(13.) When the speculum is convex, as M N,fig. 3., let C 

be the centre of the circle of which M N 
forms a part, and C £l a line drawn 
^ — pv^ through D ; then the angle of incidence 
-BjC >A a D E will be equal to &e anffle of re- 

/Nv y\ flexion BDE. s 

/ 2s /^ \ These results are found to be true by 
l^^^f^^j^ experiment; and they may be easily 
jjfr^ ^^>N proved by admitting a ray cf the sun^ 

light through a hole in the window-shut^ 
ter, and making it Ml on the mirrors 
M N in the direction A D, when it will 
be seen reflected in the directicm D B. 
If the incident ray A D is made to approach the perpeadicular 
D E, the reflected ray D B will also approach the perpendicu- 
lar D E ; and when the ray A D fliUs in the direction £ D,' it 
will be reflected in the direction D £. Jn like manner 
when the ray A D approaches to D N, the ray D B will ap- 
proach to D M. 

(14) As these results are true under all circumstances^ we 
may consider it as a general law, that when light falls upon 
any surface, whether plane or curved, the angle of its reflex^ 
ion is equal to the angle of its incidence. 

Hence we have a method of universal application far find- 
ing the directi(») of a reflected ray when we Imow the direc- ' 
tion of the incident ray. If A D, for example, ^«. 1, 2, 3., 
IS the direction in which the incident ray falls upon the mirror 
at D, draw the perpendicular D E in^^. 1., and in Jig. 2 or 
fig. 3. draw a line irom D to C, the centre of the curved sur- 
fiice M N ; and, having described a circle M B E A N round 
D as a centre, take tfai distance A £ in the compasses and 
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ccny it finm E to B, tod having drawn a line fr^ 
will be the direcdan of the lefiected ray. 



Refieawm of Rays from Plane Mkrors. 

(16.) Refleacion of parallel rays. When parallel or equidis- 
tant rays, A D, A' U'^fig* f., are incident upon a plane mir- 

ng.4. 




rati M N, they wiH continue to be parallel after reflexion. By 
the method already explained, describe arches of circles round 
D, ly as centres, and make the arch from E towards B equal 
to that between A D and D £, and also the arch from E' to- 
wards B' equal to that between A' D' and D' E' ; then drawing 
the lines D B, D* B', it will be found that these lines are par- 
allel If the space between A D and A' D' is filled with other 
rays parallel to A D, so as to ccnistitute a parallel beam or 
mass of light, A A' D' D, the reflected rays will be all parallel 
to B D, and will constitute a parallel reflected beam. The 
reflected beam, however, will be inverted; for the side A D, 
which was uppermost before reflexion, will be undermost, as 
at D B, after reflefbn. 

(16.) R^xion of diverging rays. Diverging rays are 
those which proceed from a point, A, and separate as they ad- 
vance, liJce A I>« A ly, A D". When such rays &11 upon a 




[bae mimr M K,Jlg. 5., the; wiU be 
D B, D' B', D" B", maW the angles B D E, B' IV 
B" D" E" reipectively, equJ to A D E, A D' E', A D" E" ; 
the lines D E, D' E; D" E" being diawa trom the points 
D, D',D", where thsTBjsare incident, perpendicular to M N ; 
aai bf cmtinuing the reflected ravs backward!, tbey will be 
found to meet at a pdnt A' as &r behind the mirrar M N as 
A is be/ore it ; that is, if A N A' be drawn perpendicular to 
M N, A' N will be eqtud to A N. Hence the rays will ha?e 
the nme divergency after reflezkHi bm tfaej bad before tL If 
we consider A D" D as a divergent beam of light included 
between AD and A D", then the reflected beam included 
between D B and D" B" will diveq^e from A', and will be in- 
verted after reflezioa. 

(17.) Reflexion of comxrging ray*. Converging liya 
are thoae which proceed from several points A A' A", fig. 6., 
towards one point B. When gnch a^^ &11 vfaa a jdaae 



mirror, M N, thay will be rejected in directinii D B', D* B*, 
D" B', tbiming the same angles with the' perpeiidicakrs D B, 
jyE', D"E",B3the incident rays did, and convergine to a point 
B' as &r before the mirror as the point B is behind it. If we 
consider A D D" A" as a convei^iug beam of light, D" B' D 
will be its Ibrm after reflexion. 

In all these cases the reflexion does nothing more than 
invert the incident beam of light, and shift its point of diver- 
gence or convergence to the oppoate aide of the tmrrcT- 

Reflexion oj Rays from Conam Mirrort. 

(18.) Re/fcxion of paraOel raj/i. Let M N,^. 7., be a 

concave muTor whoee centre of concavi^ is C ; aiM let A D, 

AM, AN be parallel rays, or a parallel beam of light Ming 
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QpoB it, at and near to the vertex D. Then, since C M, C N 
are peipendicolar to the sur&ce of the minor at the points M 
and N, C M A, C N A will be the angles of incidence of the 
raysAMyAN. Make the angles of reflezian C M F, C N F 
equal to C M A, N A, and it will be found that the ^lines 
M F, NT meet at F in the line A D, and these lines M F, 
N F will be the reflected rays. The ray A C D being per- 
pendionlar to the mirror at D, because it passes through the 

I'll'.?. 




centre C, will be reflected in an opposite direction D F ; so 
^at all the three rays, A M, A D, and A N, will meet at one 
point, F. In like manner it wiU be found that all other rays 
between A M and A N, fallinfif upon other points of the mirror 
between M and N, will be reflected to the same point F. llie 
point F, in which a concave mirror collects the rays which Ml 
upon it, is c^led theybct», or Jire-jdace, because the rays thus 
collected have the power of burning any inflammable body 
placed there. When the rays which the mirror collects are 
parallel, as in the present case, the point F is called its prif^ 
cipalfocus^ or its focus for partdlel rays. When we consider 
tlmt the rays which form the beam A M N A occupy a large 
, space before they fldl upon the mirror !M N, and by reflexion 
are c^idensed upon a small space at F, it is easy to understand 
how they have the power of burning bodies placed at F. 

Rule. — ^The distance of the focus F from the nearest point 
or vertex D of the mirror M N is in spherical mirrors, what- 
ever be their substance, equal to one half of C D, the radius 
of the mirror's concavity. The distance F D is called the 
principal focal distance of the mirror. The truth of this rule 
may be found by projecting fig, 7. upon a large scale, and by* 
taking the pomts M N near to D. 

(19.) Reflexion of diverging rays. Let M N, J^, 8., 
be a concave mirror, whwe centre of concavity is C; 
and let rays A M, A D, A N, diverging or radiatmg from 
the point A, Ml upon the mirror at the points, M, D, N, 
and be reflected fiom these points; M and N being near 
to D. The lines C M, C D, and C N being perpendicu- 
lar to the mirror at the pdnts M, D, and N, we shall &id 
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the reflected myn M F, N F, by making the aoffle F M C 
equal toAMC, andFNC equal to A N C ; and the point F 
where these nys meet will be the focus where the diverging 
lays A M, A N are collected. By comparing £^. 7. with J^. 
6. it ij9 obvious tiiat, as the incident ray A M m^. 6. is nearer 
the perpendicular C M than the same ray is in^. 7., the re- 
flected riy M F will also be nearer the perpe^icular C M 
thui tha same ray in^fi". 7. ; and as the same is true of the 
reflected ray N F, it follows that the point Fcnust be nearer 
C iafig, 8. than mj^. 7. ; that is, in the refleiuon of diverg- 
ing rays the focal distance D F of the mirror is greater than 
its focal distance for parallel rays. 

If we suppose the point of divergence A, Jig, 8., or the 
radiant point, as it is called, to approach to C, the incident 
Atys A M, A N will approach to the perpendiculars G M, C N, 
and consequently the reflected rays M F, N F will also ap* 
proach to C M, C N ; that is, as the radiant point A approaches 
to the centre of concavity C, the focus F also approached^to 
it, so that when A reaches C, F will also reach C ; that is, 
when rays diverge from the centre, 0, of a concave mixrory 
they will all be reflected to the same point 

u the radiant point A passes C towards D, then the focus F 
will pass C towards A ; so that if the light now diverges from 
F it will be collected in A, the points ^t were formerly the 
radiant points being now the foci. From this relation, or in- 
terchange, between the radiant points and the foci, tbe points 
A and F have been called conjugate foci, because if either 
of them be the radiant point the other will be the focal point 

If in j^. 7. we suppose F to be the radiant point, then the 
focal point A will be at an infinite distance; tluit is, the rays 
win never meet in a focus, but will be peiallel, like M A, N A 

in fig' '^' 
In like manner it is obvious, that if the point F is at/, as in 

fig, 9., the reflected rays will be M a, N a ; that is, they will 

diverge from some point. A', behind the mirror M N ; and as 
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/approaches to D, they will diverge more and more, bb if the 

Sdnt A', from which they seem to diverffe, approached to 
. The point A' behind the mirror, fix>m which the rays M a, 
N a seem to proceed, or at which they woald meet if they 
moved backwards in the directions a M, a N is called their; 
virttud focus, because they only tend to meet in that locus. 

In all these dses the distance of the focus F may be deter* 
mined either 1^ projection or by the following rule, the radius 
of the concavity of the mirror, C D, and the distance, A D, 
^ the radiant point, being given. 

RuuB. Multiply the distance, A D, of the radiant point from 
the mirror hv the radius, C D, of the mirror, and divide this 
product by the difference between twice the distance of the 
radiant point and the radius of the mirror, and the quotient 
will be F D, the conjugate focal distance required. 

In applying this rule we must observe, what will be readily 
seen from the figures, that if twice A D is less than C D (as 
ntftjig, 9.), the rays will not meet before the mirror, but will 
have a virtual focus behind it, the distance of which from D 
will be given by the rule. 

(20.) Reflexion of converging rays. Let M N,^. 10., be 
a concave mirror whose centre of concavity is C, and let rays 
A M, A D, A N, converging to a point A' behind the mirror, fall 
upon the mirror at the points M, D, f^nd N, and suffer reflexion 
at these pomts; M and N being near to D. The lines C M, C D, 
and C N bein? perpendicular to the mirror at the points M, D, 
and N, we shiul find the reflected rays M F and N F by maldng 
the angle F M C equal to A M C, and FNC equal to A N C; 
and the point F, where these rays meet, will be the^bcttf where 
the converging rays A,M, A N are collected. % comparing 
fig, 10. with^^. 7. it will be manifest, that, as the incident ray 
A M in fig. 10. is farther from the perpendicular C M than 
the same ray A M in^^. 7., the reflected ray M F in fig. 10. 



1 

\ 

20 A TKXAT&a ON OPIfOS. PAST I* jj 

ng. 10. 



:Ai:<^ 




will also be farther from the perpendicular C M than the same 
'ray mfig' 7. ; and as the same is true of the reflected ray N F, 
ijt follows that the point P must be farther from C in^^. 10. 
than in Jig, 7. ; that is, m the reflexion of converging rays, 
the conjugate focal distance D F of the mirror is less than its 
distance for parallel rays. , 

If we suppose the point of convergence A.\fig» 10., to ap- 
proach to D, or the rays A M, A N to become more conver- 
gent, then the incident rays A M, A N will recede from the 
perpendiculars CM, C N ; and as the reflected rays M F, 
N F will also recede from C M, C N, the focus F will like- 
wise approach to D ; and when A' reaches D, F will also 
reach D. • 

If the rays A M, A N become less convergent, that is, if 
their point of convergence A' recedes farther from D to the 
left, the focus F will recede from D to the right ; and when 
A' is infinitely distant, or when A M, A N are parallel, as in 
fig, 7., F will be half-way between D and C. 

In these cases the place of the focus F will be found by the 
following rule. 

Rule. Multiply the distance of the point of convergence 
from the. mirror by the radius of the mirror, and divide this 
product by the sum of twice the distance of the radiant point 
and the radius C D, and the quotient will be the distance of 
the focus, or F D, the focus F being always in front of the 
mirror. 

Refleocion of Rays from Convex Mirrors, 

(21.) Reflexion of parallel ray,9. Let M N, fig, 11., be a 
convex mirror whose centre is C, and let A M, A D, A N be 
parallel rays falling upon it Continue the lines C M and C N 
to E, and M E, N E will be perpendicular to the surfece of 
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Oe nunor at tbe points M and N. The rm A M, A N wiS 

therefore be reflected in directiaiis M B, K B^ the angles of 
reflexion E M B, E N B being eqaal to the fmelee of inodenca 
E M A, E N A. Bv continaing tbe reflected rays B M, B N 
backwsjtls, they will be found to meet at F, their virtual fbcvm 
behind the mirror; and the focal distance P F for parallel raya 

Fig.n, 




0< W 



win be almost exactly one half of the radius of conyexity 
C fi, provided the points M and N are taken near D. 

(2Sb) RBflexion of diverging rays. Let M N, Jl^. 12., be a 
convex mirror, C its centre of convexity, and A M, AN raya 



Fig.VL 




c^yemnff from A, which foil upcm the mirror at the points 
M,]C The linesC ME and ONE will be,as before, per- 
pendicular to the mirror at M and N ; and consequently, if 
we make the angles of reflexion £ M B, E N B equal to the 
angles of incidence E M A, E N A, M B, N B will be tbe re- 
flected rays which, when continued backwards, will meet at 
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F, their Yirtual focus behind the minur. By comparing fg^, 
152. with fig, 11., it is obvious that the ray A M, fig, IST, is 
fiurther from M E than in fig, 11., and consequently the re- 
flected ray M B must also be farther from it Hence, as the 
same is true of the- ray N B, the point F, where these rays 
meet, must be nearer to D in^. 12. than in fig, 11. ; that is, 
in the reflexion of diverging rays, the virtual fi)cal distance 
D F is leas than for parallel rays. 

For the same reason, if we suppose the point of divergence 
A to approach tiie mirror, the virtual focus F will also am>roach 
it; and when A arrives nt D, F will also arrive at D. In like 
manner, if A recedes from the mirror, F will recede from it; 
and when A is infinitely distant, or when the rays become 
parallel, as in^. 11., F will be half-way between D and C. In 
all these cases, the focus is a virtual one behind the mirror.* 



CHAP. n. 

IMAGES FORMED BT MIBROR& 

(23.) The image of any object is a picture of it formed 
either in the air, or in the bottom of the eye, or upon a white 
ground, such as a sheet of paper. Images are generally form- 
ed b^ mirrors or lenses ; though they may be formed also by 
placmg a screen, with a small aperture, between the object 
and the sheet of paper which is to receive the image. In 
Older to understand this, let C D be a screen or window-shut- 




ter with a small aperture. A, and E F a sheet of white paper 
placed in a dark room. Then,^ if an illuminated object, R G B^ 
IS placed on the outside of the shutter, we shall observe an in- 
verted image of this object painted on the paper at r ^ 6. In 
order to understand how this takes place, let us suppose the 
object R B to have three distinct colors, red at R, green at G, 
and Uue at B; then it is plain that the red light mm R will 

* For a diaeassion of the Biibjects in this chapter, i«e (in the College Edi 
tion) the Appendix of American Editor, Chapter I. 
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puBin stni^ lines tfaraogfa the ^ertme A, and 611 upon 
the paper £ F at r. In like manner the greai light from 6 
will fiul upon the paper at g^ and the 6liie light nam B will 
&il opoQ the pi^ier at 6; thus painting apon the paper an t»- 
verted image, r A, of the object, R R Aa every colored point 
in the object R B has a cdored point COTreflponding to it, and 
opposite to it on the paper £ F, the image h r will be an ac- 
curate picture of die object R B, provided the apeitnre A is 
very smialL But if we increase the aperture, the image will 
become less distinct; and it will be nearly obliterated when 
the aperture is huge. The reason of tfals is, that, with a 
hur^e aperture, two adjacent points of the object will throw 
their light on the same point of the paper, tuid thus create 
eoniuaion in the image. 

It is obvious from j^. 13., that the size of the image 6r win 
increase with the distence o€ the paper £ F bdiind the hole 
A. If Ag is equal to A 6, the image will be equal to the 
object; if A^ is less than A 6, the image wOl be less than 
the object; and if Ag is greater than A 6, the image will 
be greater than the object 

As each point of an object throws out rays in all directions, 
it is manifest that those only which &11 upcm the small aper- 
ture at A concur in forming the ima^ 6 r; and as the num- 
ber c^ these rays is very small, the image b r must have very 
little %ht, and therefore cannot be usS for any optical pur- 
posea This evil is completely remedied in the formation of 
images by mirrors and lenses. 

(24.) Formation of images by concave mirrors. Let A B^ 
fig. 14, be a concave mirror whose centre is C, and let M N 
be an object placed at some distance befoie it. Of all the 

Fig. 14. 




, rays emitted in every direction by the point M, the mirror i». 
ceives only those which lie between MA and M B, or a cone 
of rays MA B whose base is the spherical mirror, the section 
of which is A R If we draw the reflected rays A m, B m, 
for all the incident rays M A, M B, by the methods already 
described, we shall find that they will all meet at the point m. 
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and wiQ tliete ptiat the extremity M of the dbject In like 
maimer, the cone of mys N A ^ fbwiiig fifom the other ex- 
tremity N of the object will be reflected to a focus at n, and 
will there paint that poiot of the olyect For the aime reason, 
cones of rays flowii^r fivm intennediate points between M 
and N wiU be jeBecM to intermediate points in the image 
between m and n, and m n will be an exact inverted picture 
of the object M N. It will also be very briffat, because a 
great number of rays concur in forming eadi point c^ the 
image. The distance c^ the ima^ from the minor is found 
by &e same rule which we have given for finding the focus of 
divergmg rays, the points M, m injfig. 14. conesponding with 
AandFinjI^.a 

If we measure the relative sizes of the object M N and its 
image m n, we shall find that in 'every case the size of the 
image is to the size tif the object as the distance of the image 
from the mirmr is to the distance of the object from it 

If the omcave mirror A B is large, and if the object M N 
is very bright, such as a plaster <^ Paris statue strongly illu- 
minated, the image m n will appear sounded in the air; uid 
a series of instructive experiments may be made by varying 
the distance of the object, and observing the variaticm in the 
size and place of the image. When Sie object is placed at 
m n, a magnified representation oi it will be formed at M N. 
(2S.) Formation of images by com)ex mirrors. In concave 
minors there is, m all cases, a real ima^e of the otyject ^med 
in frmt of the mirror, excepting when Uie object is placed be- 
tween the principal focus and the mirror, in which case it 
gives a virtual imajge formed behind it ; whereas in convex 
mirrors the image is always a virtual one formed behind the 
mirror. 
Let A B,^. 15., be a convex minor whose centre is C, and 
f^ 11^ M N an object placed before it; and let 

the eye of the observer be situated any- 
where in front of the mirror, as at £. 
Out of the great number of rays which 
are emitted in every direction from the 
points M, N of the object, and are sub- 
sequently reflected fixMn the mirror, a 
few only can enter the eye at £. Thoee 
j which do enter the eye, such as D E, 

' FEandGE,HE,willbe reflected 

, from the portions D F, G H of the mir- 

ror so situated with respect to the eye 
and the points M, N that the angles of incid^ice and reflexion 
will be equal The lay M D mH be reflected in a directioo 
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iW i TBBATIBE Oir OPFICI. PABT !• 

be perpcnldiculaT to the mimn' A B, and conBeqneiitly panllet ; 
mad Uh ima^ will be at the same distance, aral have the aaine 
posilian behind the mirror that the object has befMV it Henca 
we see the rsaaoa why the itnagee of all objects seen in a 
looking-glan tave tiie same fwm and diattjice as the objecto 
tbemselTea.* 



DIOPTRICS. 

(37.) Dioptrics is that branch of optics which treats of the 

progTea9 of those rajs of light which enter transparent bodies 
and are transmitted through their subalaiice. 



(29.) When light pases through a drop cf water or a piece 
of glass, it obviously sulfers sonie change in its direction, be- 
cause it does not illuminate a piece of paper phiced behbd 
these bodies in the same manner as it did before they were 
placed in its way. These bodies have theretbre exercised 
some action, or produced some change upon the light, during 
its progress through them. 
bx onler to discover the nature of this change, let A B C D 
"*■ ". be an empty vessel, having a hole 

{^ H in one of its sides B D, and let a 
I lighted candle S be placed within a 
b few feet of it, BO that a ray of its 
i light 8 H may tall upon the bottom 
\ C D of the vessel, arid form a round 
S spot of light at a. The beam of 
light S H R a will be a straigbt 
line. Having marked the point a which the ray from S 
strikes, pour w^er into the vessel till it rises to the level E F. 
As soon as the surface of the water has become smooth, it will 
be seen that the round spot which was fbrmeriy at o is now 
'at 6, and that the ray SHR6 is bent at R; H R and R 6 
being two straight lines meeting at R, a point in the surface 
of the water. Hence it follows, that all »Ajects seen under 
water are not seen in their true directicm by a person whose 
eye is not immersed in the water. If a fish, for example, is 
lying at b,Jig. 17., it will (» se«i by an eye at 8 in the direc- 
tion S a, the direction of the refracted ray R S ; so that, in 

• Pot ihe fonnilinn of imagn hy mirrori, see (in Ihe Colleje edition) ibe 
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order to shoot it with a bell, we must direct the gun to a 
pMnt nearer as than the point a. For the same reason, every 
point of an object under water appears in a place different 
from its tme place ; and the difference between the real and 
apparent place of any point <^ an object increases with its 
depth beneath the sorfiice, and with the obliquity of the rav 
R S by which it is seen. A strait stick, one half of which 
is immersed in water, will thererore appear crooked or bent 
into an angle at the point where it enters the water. A 
straight rod S R a, for example, will appear ben^ like S R 6 ; 
and a rod bent will, for a like reason, appear straight. This 
effect most have been often observed in the case of an oar 
dq>ping into transparent water. 

£r in place of water we use alcohol, oU^ or glass, the sur^ 
fiices of all these bodies coinciding with the line £F, we shall 
find that they all have the power of bending the ray of light 
S R at the point R ; the alc(^l b^in^ it more than the 
water, the oil more than the alcohol, and Uie glass more than 
the oil In the case of glass, the ray would he bent into the 
direction R c. The power which thus bends or changes the 
direction of a ray of li^fit is called refraction, — a name de- 

S'ved from a Latm wora, signifying breaking back, — because 
le ray S R a is broken at K, and me water is said to refract, 
or break the ray, at R Hence we may conclude that if a 
r^y of light, passing through air, fills in an oblique or slanting 
direction on the surfiice of solid or fluid bodies that are trans- 
parent, it will be refincted towards a line, M N, perpendicular 
, to the sur&ce E F at the point R, where the ray enters it ; 
and that the quantity of this redaction, or the angle o R 6, 
varies with the nature of the body. The power b;y which 
bodies produce this effect is called their rejractvoe power, and 
bodies that produce it in different degrees are said to have 
different renactive powers. 

. Let the vessel A B C D be now emptied, and let a bright 
object, such as a sixpence, be cementea on the bottom of it at 
a. If the observer places himself a few feet from the vessel, 
he will find a position where he will see the sixpence at a 
throu^ the hole H. If water be now poured into the vessel* 
m> to £ F, the observer will no longer see the sixpence ; but 
if another sixpence is placed at a, and is moved towards 5, it 
will become visible when it reaches 6. Now, as the ray from 
the sixpence at b reaches the eye, it must come out of the 
water at a point, R, in the surface, found by drawing a straight 
line, SHR, throu^ the eye and the hole H; and conse* 
quently b R must 1^ the direction <^ the ray, which makes 
the sixpence vinble, before its refraction at R But if this 
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tay had moved lyiwaxds in a straight line, wHfaoat being re* 
fracted at R, its path woald have l^en b h ; whereas^ in coor 
seqnence of the refractiaii, its path is R H. Hence it foUowi^ 
that when a ray of light, passing through any dense medium^ 
such as water, dx., in a direction oblique or shinting to its 
jmrface, quits the medium at any point, and enters a rarer 
medium, such as air, it is refiaeted from the line perpendicu* 
lar to the surface at the point where it quits it 

When the ray SHE from the candle falls, or is incident 
upon the 6ui;^ice £ F of the water, And is refracted in the di- 
rection R 6, towards the perpendicaiar M N, the angle M ft H 
which it makes with the perpendicular, is called the angle of 
iricidence ; and the an^le N R 6, which the imy R h bent or 
refracted at R makes with the same perpendicular, is called 
fhe angle of refraction. The ray H K is called the tncMtent 
my, and R 6 the refracted ray» But when the light oomes 
out of the water from the sixpence at 6, and is refmcted at R 
in the direction R H, 6 R is the incident ray and R H the 
refhicted ray. The angle N R 6 is the angle of incidence, 
and M R H the angle of refraction. 

Hence it follows^ that token Ught pastes out of a rarer mto 
4t denser medium^ as from air to water^ the angle of incidence 
is greater than the angle of refraction; tad when light 
passes out of a denser into a rarer medium^ as out of water into 
mr^ the angle of incidence is less than the angle of refrac* 
lion: and these angles are so related to one another, that 
when the lay which was refracted in the one case becomee 
the incident ray, what wis fbnnerly the incident ray becomes 
the refracted ray, 
(29.) In order to discover the law, or rule, aecoding to 

which the rays of light enter or quit 
water, or other refracting media, so 
that we may be able to determine the 
refracted ray when we know the di- 
rection of tlie incident ray, describe a 
cn-cle M N upon a square board 
A B C Dy fig, 18. standing upon a 
heavy pedestal P, and draw the two 
diameters M N, £ F perpendicular to 
one another, and alsfr to the sides, A B, 
^ A C of the piece of wood. Let a 
small tube, H R, be sd made that it 
may be attached to the board alonff 
any radius H R, H' R, or, what would 
be still better, that it may move 
freely round R as a centre. Let the board with its pedestal be 



Wig. 18. 
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^■ced in a pool or tab of water, or in a glasB vessel <^ water, 00 
that the siirfiu^e of the water may coincide with the line £ F 
withoat touchingr the end R of the tube H R. When the tube 
IS in the portion M R, perpendicobirto the sur&ce £ F of the . 
water, admit a ray of light down the tube, and it will be seen 
that it enters the water at R, and passes straight on to N, 
withoat suffering any change in its direction. Hence it fol- 
lows, that a ray qf light incident perpendicularly ona re- 
Jracting surface experiences no reaction or change in its 
direction, If we now place a sixpence at N, we shall see 
it through the tube M R; so that the rays frtxn the sixpence 
quit the water at R, and proceed in the same straight line 
N R M. Hence a ray of light quittirig a refracting surface 
perpendicularly undergoes no refraction or change of direc- 
tion. If we now bring the tube into the position H R, and 
make a ray of light pass along it, the ray will be refracted at 
R in some direction R &, the angle of re&action N R 6 being 
less than the angle of incidence M RH. If we now with a 
pair of compasses, take the shortest distance 6 n of the point 
b from the perpendicular M N, and make a scale of equal 
parts, of which 6 n is one part, the scale being divided into 
tenths and hundredths, and if we set the distance H m upon ^ 
this scale, we shall find it to be 1*336 of these parts, or H 
nearly. If this experiment is repeated at any other position, 
H'R, of the tube where R 6' is the refracted ray, we shall 
find that on a new scale, in which 6' n' is one part, H' m' will 
also be 1*336 parts. But the lines H m, H' m' are called the 
sines of the angles of incidence H R M, H' R M, and b n, 
b' n* the sines of the angles of refraction 6 R N, 6' R N. 
Hence it follows, that in water the sine of the angle of inci- 
dence is to the sine of the angle of refraction as 1*336 to 1, 
whatever be the position of the ray with respect to the sur&ce 
£ F of the water. This truth is called by optical writers the 
constant ratio of the sines. By placing a sixpence at 6, we 
shall find tiiat it will be seen through me tube when it has 
the position H R; and placing it at b\ it will be seen through 
it in the position H' R. Hence, when light quits the surface 
of water, the sine of its angle of incidence 6 R N will be to 
the sine of its angle of refraction H R M as 1 to 1*366, as 
these are the measures of the sines 6 n, H m ; and since these 
are also the measures of b' ft' H' m! upon another scale, in 
which b' n' is unity, we may conclude that, when light 
emerges from water into air, the sines of the.angles of inci- 
dence and refraction are in the constant ratio of 1 to 1*336( 

If we make the same experiment with other bodies, we 
shall obtain different degrees of refraction at the same angles; 

C2 
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bat m etery osse the .sineB of the angles of incidence 9td 
refiwction will be foimd to hare a conatant vatio to each other. 

The number l*d36» which e^qireflses this Taiio lor tooter, ia 
called the index qf rrfr»;tion for water^ and eometiniea ite 
refraetive power, 

(90.) As philosc^ibers have determined the index of refrac- 
tion for a great variety of bodies, we are able^ from those de* 
terminationB, to ascertain the direction of any ray when re^ 
fracted at any. angle of incidence from the surface of a given 
body, either m ent^rin? or quitting it Thus,"^ m the case of 
water, let it be required to find the direction of a ray, H R»^. 
18., a£tsT it is refracted at the sur&ce £ F of water.: draw R M 
perpendicular to E F at the point R, where the ray H R enters 
the water, and fitMn H draw H m perpendicukr to M R. 
^ke Hm in the compasses^ and make a scale in which this 
distance occupies 1*336 parts, or 1| nearly. Then, taking 1 
on the same scale, place one foot of the compasses in the 
quadrant N F, and moye that &ot towards or mxn N till the 
other foot falls upon sbme one point n in the perpendicular 
R N, and in no other point of it Let 6 be the point on which 
the first foot of the compasses is placed when the second falls 
upon n, then the line R b passing through this point will be 
the refracted ray corresponding to the incident ray H R 

(31.) Table I. (Appendix) contains the index of refiraction 
fi>r some of the substances most interesting in optics. 

(32.) As tibe bodies contained in these tables have all di^ 
ferent densities, the indices of refraction annexed to their 
names cannot be considered as showing the relation of their 
absolute refractive powers, or the refractive powers of their 
ultimate particles. The small refractive index of hydrogen, 
for exam^e, arises fiiom its particles being at so great a distance 
from one another; and, if^we take its specific gravity into 
account, we shall find that, mstead of having a less refractive 
power than all other bodies, its ultimate particles exceed all 
other bodies in their abedute action upon light 

Sir Isaac Newton has shown, upon the supposition that the 
ultimate particles of bodies are equally heavy, and that the 
law of the forces which difierent media exert is d* the same 
form in all, that the absolute refractive power is equal to the 
excess of the square of the index of refraction above unity, 
divided by the specific gravity of the body. 

In this way Table IL (Appendix) has been calculated. 

Mr. Herschel has justly remarked, that if, according to tho 
doctrines of modem chemistry, material bodies c(msist of a 
finite number of atoms, dififering in their actual weight for 
every difierentiy compounded subrtance, the intrinsic refrac- 
tive power of the atoms of any given medium will be the 



fiodnct sriflB^ firam mohiiifariiig the maafaer ht tbe medUuiH 
in Table IL by the wcajeht of its atom. 

(^) In eiamkimg lWe.IL, it appean ibai the sobatances 
wMch contain fluoric acid have the least absolute refractive 
power, while all inflammable bodies have the greatest. The 
nigh ahsoliite lefinactive posrer of oil of cassia, which is placed 
al»ve all other ftuds, rad even above duunondf indicates the 
great inflammability of its ingredient&f 
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KKFRACTTION THROUGH nUSMS A3XD LEHBBB. 

(34). Bt means-of the law of redaction explained in the 
preceding pages, we are enabled to trace a ray of light in its 
passage through an^ medium or body of any figure, or through 
any number of bodies, inrovided we can always find the indi- 
nation of the mcident lay to that small portion of the surfiice 
where the ray either enters or €[nits the body. 

The bodies generally used in optical ezpmments, and in 
the constractian of (^cal instruments, where the effect is 
produced by refinction, are prignOy pkme glaste*, ap&eref, 
and lensesj a section of eacn of which is &mu in tne an- 
nexed figure. 

L The most common optical prism, shown at A, is a solid 
having two plane sur&ces A R, A S, which are called its r^ 
/raiuing surfaces. The &ce R S, equally inclined to A R 
and A ^ is called the base of the prism. 

2. A pUme glass, shovm at B, is a plate of glass with two 
plane sur&ces, ab,cd, parallel to each other. 

3. A spherical lens, mown at C, is a sphere, all the points 
in its surfiice bdng equally distant from the centre O. 

4. A double convex lens, shown at D, is a solid formed by 
two convex sj^rical surfiices, havinj^ their centres on oppo- 
site sides of toe l^is. When the radii of its two sur&ces are 
equal, it is said to be equally convex ; and when the radii are 
unequal, it is said to be an unequally convex lens, 

* For tbe subjficts treated in this and in tbe preceding chapter, 8e« (in the 
College edition) the Appendix of Ain. ed. chap. iii. * 
t See Note No. I. at the close of author's Appendix. 
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5. ApUtfUHsonvex (en«, shown at £, isa lens having one 
of its surfaces convex and the other plane, 

6. A double concave lens, shown at F, is a solid bounded hy 
ttDO concave spherical sur&ces, and may be either equally or 

, unequally concave. 

7. A plano-concave lens, represented at 6, is a lens one of 
whose sur&ces is conca;oe and the other plane, 

8. A meniscus, shown at H, is a lens one of whose sur&ces 
is convex and the other concave, and in which the two sur&ces 
meet if continued. As the convexity exceeds the concavity, 
it may be regarded as a convex lens. 

9. A concavo-convex lens, shown at I, is a lens one of whose 
surfaces is concave and the other convex, and in which die 
two surfaces will not meet though continued. As the con- 
cavity exceeds the convexity, it may be regarded as a concave 
lens. * 

In all these lenses a line, M N, passing through the centres 
cS their curved surfeces, and perpendicnkr to their plane sur- 
faces, is called the axis. The figures represent only the sec- 
tions of the lenses, as if they were cut by a plane passing 
through their axis ; but the reader will understand that the 
convex sur&ce of a lens is like the outside of a watch-glBflB^ 
and the concave sur&ce like the inside of a watch-glass. 

In showing the progress of light through such lenses, and 
in explaining their properties, we shall stdl use the sections 
shown in the above figure ; for since every section of the same 
lens passing through its axis has exactly the same form, what 
is true of the rays passing through one section must be true 
of the rays passmg. through every section, and consequently 
through file whole surface. 

(35.) Refraction of light through prisms. As prisms are 
Introduced into several optical instruments, and are essential 
parts of the apparatus used for decomposing li^ht and exam- 
ming the properties of its component parte, it is necessary 
that the reader should be able to trace the progress of light 
through their two refracting surfaces. Let A B C be a prism of 

plate glass whose index of refraction 
IS 1*5(^, and let H R be a ray of light 
fidling obliquely upon its first surface 
A B at the point R. Round R as a 
centre, and with any radius H R, de- 
scribe the circle H M6. Through R 
draw M R N perpendicular to A B, 
and H m perpendicular to M R. The 
angle H R M will be tiie angle of in- 
cidence of the ray H R, and H m its sine, which in the present 
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ease is l^OSk Tbea hamg made a seala in wUeh the 4uh 
tance H m is 1*50(V or 1^ parts, take 1 part or unity ftom tho 
same scale, and having set one foot of the compasses on the 
circle somewhere abrat 6, move it to di&rent points c^ the 
circle till the other feot strikes only one point n of the line 
R N; the point b thns found will be that through which the 
refracted ray passes, R b will be ^ refracted rav, and nKk 
the angle ci r^mction, because the sine 6 n of ma angle has 
been made such tiiat its mtb to H m, the sine of the anffle of 
incidence, is as 1 to 1-900. The my R6 thus refracted will 
go on in a strai^t line till it meets the second surface of the 
prism at R', wl^re it will again sufl^r refimction in the direc- 
tion R' b'. In otder to determine this diiection, make R' H' 
equal to R H, and, with this distance as radius, describe the 
circle H' b'» Draw R' N perpendicular to A C, and H' m' 
perpendicular to R' N, and K>rm a scale on which H' m' shall 
oe 1 part, or lOOO, and divide it into tenths and hundredths. 
Fnxn this scale take in the compasses the index of refraction 
1*500, or 1^ of these parts ; and having set one foot some- 
where in the line R' n', move it to difibrent parts of it till the 
ciiiier foot &lls upon some part of the circle about b', taking 
care that ihe point b' is such, that when one foot of the com- 
passes is placed there, the other foot will.touch the line R' n', 
continued, onlv in one place. Join R' 6'. Then, since H' R' m' 
is the angle of incidence on the second surface A C, and H'm' 
its sine, and since n' b', the sine of the angle b' R' n', has been 
made to have teH'm' the ratio of 1-500 to 1, 6' Rn' will be 
the angle of refnetion, and R' b' the refracted rav. 

If we suppose the original ray H R to proceea ftam a can> 
die, and if we place our eye at V b^nd the prism so as to 
receive Ihe fenaeted ray b' R', it will anpear as if it came 
in &e directicA DR' 6', and the candle will be seen in that di- 
rection; the angle H £ D refnesenting its angular change of 
direction, or the angle of deviation^ as it is euled. 

In the construction of j^. 30., the ray H R has been made 
to &11 upon the prism at such an angle that the refracted ray 
R R' is eqpially inclined to the flices A B, AC, or is parallelto 
the base BC of the prism; and it will be found that the angle 
of incidence on the foce of the prism, H RB is equal to the 
angle cS anergence 6'R'O. under these circumstances we 
shall find, by making the angle H R B either greater or less 
Jthan it is in the figure, that Sie angle of deviation H E D is 
less than at any c^r angle of incidence. If we, therefore, 
))lace tiie eye behind the -^ism at 6', and turn the prism 
round in the j^ane B A C, sometimes farin^ing A towaras the 
eye and sometimes pushing it from it, we diall easily discover 
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the poflitioa where the image of the candle seen in the direo- 
tion 6' D has the least deviation. When this position is found, 
the angles H R B and b' R' C are equal, and R R' is parallel 
to B C, and perpendicular.to A F, a line bisecting the refract- 
ing angle 6 A C of the prism. Hence it may be -shown by 
the similarity of triangles, or proved by projection, that the 
angle of refinction 6 R n at the first surmce is equal to B A F, 
hi^ the refracting angle pf the prism. But since, B A F is 
known, the angle of refraction bRn is also known; and the 
angle of incidence H R M being found by the preceding methods, 
we may determine the index of refraction for any prism by the 
following analogy. As the sine of the angle of renraction is to 
the sine of the angle of incidence, so is unity to the index of 
refraction ; or the index of refraction is equal to the sine of 
the angle of incidence divided by the sine of the angle of re- 
fraotion. 

(36.) By this method, which is very simple in practice, we 

may readily measure the refractive powers of all bodies. If 

the body be solid, it must be shaped into a prism ; and if it is 

soft or fluid, it must be placed in the angle B A C of a hollow 

Fig. 31. prism ABC, Jig, 21., made by cement- 

^^C ^ together three pieces of plate glass, 

^^W\ . A B, A C, B C. A very simple hollow 

^^gr^ n \^ prism for this purpose may be made by 

A^sBI Wi./ fiistening together at any angle two 

.""n inratB pieces of plate glass, A B, A C, with a 

bit of wax, F. A drop of the fluid may then be placed in the 

angle at A, where it will be retained by the force of capillary 

attraction. 

When light is incident upon the second sur&ce of a prism, 
it may fall so obliquely that the surface is incapable of refract- 
ing it, and therefore the incident light is totally reflected fi^m 
the second sur&ce. As this is a curious property of light, we 
must explain it at some length. ' 

On the total Reflexion^f Light, 

(37.) We have already stated, that when lig:ht falls upon 
the fijret or second sur&ces of transparent bodies, a certain 
portion of it is reflected, and another and much greater portion 
transmitted. The light is in this case said to he partiaUy re- 
Jlected, When the light, however, fells very obliquely upon 
the second surface of a transparent body, it is wholly reflected, 
and not a single ray suflers refraction, or is transmitted by the 
surface. Let A B C be a prism of glass, whose index of re- 
fraction is 1-500: let a ray of light G K,fig. 22., be refracted 
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at K by the first surfiice A B| so 
^•® as to M on the point R of the 

second surfiice veiy obliquely, 
and in the direction E R. Upon 
R as a centre, and with any rap 
dins, R H, describe the circle H 
M £ N F ; then, in oider to find 
the re&acted ray corresponding ' 
to H R, make a scale on whi<£ 
H m is equal to 1, and take in 
th^ compasses 1*500 or 1^ from that «»le, and setting one 
feot in the quadrant E N, try to find some point in it, so that 
the other foot may fidl only in one point of me radius R N. It 
will soon be seen that there is no such point, and that 1*500 is 
greater even than £ R, the sine of an angle E R N of 90°. If 
tiie distance 1*500 in the compasses had been less than E R, 
the ray would have been refracted at R ; but as there is no 
angle of refraction whose sine is 1*500, the ray does not 
emerge from the prism, but suffers total reflexion at R in the 
direction R S, so that the anffle of reflexion M R S is equal to 
the angle of incidence M R H. If we construct^. 22. so as 
to make the incident ray H R take difl^rent positions between 
M R and F R, we ^all find that the refracted ray will take 
different jMsitions between R N and R E. There will be 
some position of the incident rav about H R, where the re- 
fracted ray will just coincide with R E ; and that will happen 
when the quantity 1*500, taken from the scale on which H m 
is equal to 1, is exactly eqiuQ to R £, or radius. At aU posi- 
tions of the incident ray between this line and F R, refiraction 
will be impossible, and the ray incident at R will be totally 
reflected. It will also be found that the sine of the angle of 
incidence at R, at which the light be^ns to be totally reflect-' 
ed, is equal to t-tw or-'OflO, or ^, which is the sine of 41° 48', 
the angle of total reflexion for plate glass. . 

The passage from partial to total reflexion may be finely 
seen, by exposing one side, A C, of a prism A B C,^^. 20., to 
the light of the sky, or at night to the light reflected from a 
large sheet of white paper. When the eye is placed behind 
•the .other side, A B, of the prism, and looks at the image of 
the sky, or the paper, as reflected from the base, B C, of the 
prism, it will see when the angle of incidence tmon B C is 
less than 41° 48', the fiiint light produced by partial reflexion ; 
but by turning the pism round, so as to render the incidence 
gradually more oblique, it will see the fiiint light pass sud- 
denly into a bright light, and separated from the fiiint light by 



36 



A TSEATISS ON OPTICS* 



PAST I« 



a ooloEed fringe, which marks the boundary of the two reHez 
ions at an angle of 41° 48'. But, at all angles of incidence 
above this, the light will safksr total reflexion. 



rig. 2^ 




Refraction of Light tkrmtgh Pkme Glasses, 

(38.) Let M NyjSjg-.Sd., be the section of a plane glass with 

parallel faces ; and let a ray of light, 
A B, &11 upon the first sumce at P, 
and be refhicted into the direction 
B € : it will again be refracted at its 
emergence from the ^cond sur&ce 
at C, in a direction, C D, parallel to 
A B; and to an eye at D it will ai>- 
pear to have proceeded in a direction 
a C, which will be found by continu- 
ing D C backwards. It will thus appear to come from a point 
a bebw A, the point from which it was I'eally emitted. This 
may be proved by projecting the figure by the method already 
described ; though it will be obvious also from the considera- 
tion, that if we suppose the refracted ray to become the inci^ 
dent ray, and to move backwards, the incident ray will become 
the refracted ray. Thus the refracted ray B C, Mling at equal 
angles upon the two surfaces of the plane glass, wiU suffer 
equal refractions at B and C, if we suppose it to move in, op- 
posite directions ; and consequently the angles which the re- 
fracted rays B A, C D form with the two refracting sur&ces 
will be equal, and the rays parallel 

If we suppose another rav, A'B', parallel to A B, to fall 
upon the pomt B', it will sufl^r the same refraction at B' and 
C, and will emerge in the direction C D', parallel to C D, as 
if it came from a point a'. Hence parallel rays falling upon 
a plane glass totU retain their parallelism after passing 
through it, 
(99). If rays diverging from any point, A,Jig, 24, such as 

A B, A B', are incident upon a . 
plane glass, M N, they will be 
refracted into the directi<ms B C, 
B'C by the first surface, and 
C D, C D' by the second. By 
continuing C B, C B' backwards, 
they will be found to meet at a, 
. a point farther from the glass 
"^ than A. Hence, if we suppose 
the sur&ce BB' to be that of standing water, placed horizon- 
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tally, an eye witfain it woald tsee the point A removed to a, 
the divergency of the rays B C, B' C having heen diminifihed 
by refraction at the soirace B B'. But when the rays B C, 
B' C suifer a second refraction, as in the case of a plane glass, 
we shall find, by continuing D C, D' C backwardat, that they 
will meet at by and the object at A will seem to be Iwougfat 
nearer to the glass; the rays C D, C I>, by which it is seen, 
having been rendered more diveig^it by the tWo refractionsL 
A plane glass, therefore; diminishes the distance of the diver- 
gent point of diverging rays. 

If we suppose D C, !> C to be rays c<nivei;ging to 6, they 
will be made to converge to A by the refraction of the two 
surfaces; and consequently a plane glass causes to recede 
from it the convergent point of converging rays. 

If the two surmces BB', C C are equally curved, the one 
being convex and the other concave, like a watch-glass, they 
will act upon light nearly like a plane glass ; and accurately 
like a plane gla^ if the convex and concave sides are so re- 
lated tiiat the rays B A, C D are incident at equal angles on . 
each surface: but this is not the case when the sur&ces have 
the same centre, unless when the radiant point A is in their 
common centre. For these reasons, glasses with parallel sup* 
&ces are used in windows and for watch-glasses, as they pro* 
duce very little change upon the form and position of objects 
seen through them. 



Refraction of Light through Curved Surfaces, 

(4ff). When we con^der the inconceivable minuteness of 
the particles of light, and that a single ray consists of a suc- 
cession of those particles, it is obvious that the small part of 
any curved sur&ce on which it falls, and which is concerned 
m refracting it, may be regarded as a plane. The sur&ce of 
a lake, perfectly still, is known to be a curved sur&ce of the 
same radius as that of the earth, or about 4000 miles ; but a 
. square yard of it, in which it is impossible to discover any 
curvature, is larger in proportion to the radius of the earth 
than the small space on the surface of a lens occupied by a ray 
of light is in relatbn to the radius of that suirace. Now, 
mathematicians have demonstrated that a line touching a curve 
at any point may be safqjy regarded as coinciding with an in- 
finitely small part of the curve ; so that when a ray of light, 
AB,^.25., Ms upon a curved refracting sur&ce at :^ its 

D 
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fig. 25. angle of incidence must be' considered 

as A B D, the an^le which the ray 
A 6 fi)rms with a line D C, perpendic- 
ular to a line M N, which touches, or 
is a t^bgent to, the curved surface at 
B. In all spherical surfiices^ such' as 
those of • lenses^ the tangent M N is 
perpendicular to the radius C B of the 
sur&ce. Hence, in spherical surfaces 
the considerati(xi of the tangent MN is unnecessary; because 
the radius C D, drawn through the point oi incidence B, is 
the perpendicular from which the angle of incidence is to be 
reckoned. 

Refraction qf Light through Spheres. 

(41.) Let M N be the section of a sphere of glass whose 
centre is C, and whose index of refraction is VSSO ; and let 
parallel rays, Jig. 26., H R, H' R', fidl upon it at equal dis- 

Fit. 2^ 



tances on each side of the axis 6 C F. If the ray H R is in- 
cident at R, describe the circle H D 6 round R ; through C and 
R draw the line CRD, which will be perpendicular to t|)e 
surface at R, and draw H m perpendicular to R D. Draw the 
ray R 6 r through a point h found by the method already ex- 
plained, and so that the sine 6 n of the angle of refraction 
R C may be 1 on the same scale on which H m is 1*500, or 
14 ; then R b will be the ray as refracted by the first sur^u^ 
of the sphere. In like manner draw R' r' for the refracted 
ray corresponding to H' R'. 

If wCcontinue the rays R r, R'r', they will meet the axis 
at £, which will be the focus of parallel rays for a single con- 
vex surface RPR'; and the focal distance P £ may be found 
by the following rule. 

RiTLK for finding the principal focus of a single convex 
surface. Divide the index of refraction by its excess above 
unity, and the quotient will be the principal focal distance, 
P £; the radius of the surface, or G R, being 1. If C R is 
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given in inches, then we have to multiply the result hy that 
number of inches. When the surface is that of glass, of which 
the index of refraction is 1*5, then the focal distance, P E, will 
always be equal to thrice the radius, C R. 

Round r as a centre, with a fadius equal to R H, describe 
th» circle jyb'h, and, by the method formerly explamed, find 
» point b' in the circle, such that b' n', the sme of. the angle 
of refraction b' r n\ is 1*500 or 1^ on the same scale on which 
k m\ the sine of the angle of incidence, is 1 part, and rb'F 
will be the ray refracted at the second sur&ce. In the same 
manner we sluJl -Gnd r' F to be the refracted ray correspond- 
ing to the incident ray R' r', F being the point where r b' cuts 
the axis G £. Hence the point F will be the ybcus of parol' 
Id rays for the sphere of ^ass <M N. 

If diverging rays fall upon the points R, R', it is quite 
clear, from the inspection of the figure, that their focus will 
be on some point oi the axis G F more remote from the sphere 
than F, the distance of their focus increasing as the radiant 
point from which they diverge approaches to the sphere. 
When the radiant point is as far berore the sphere as F is be- 
hind it, then the rays will be refincted into parallel directions, 
and the focus will be infinitely distant Thus, if we suppose 
the rays F r, F r' to diverge from F, then thev will emerge 
after refi:actioa in the parallel directions R H, R' H\ 

If converging rays fall upon the points R R', it is equally 
manifest that their focus, wUl be at some point of the aixis, 
G F, nearer the sphere than its principal focus F; and their 
convergency may be so great that their focus will fall within 
the sf&sre. All these truths may be rendered more obvious, 
and would be more deeply impressed upon the mind, by tracing 
rays of difierent degrees of divergencv and* convergencv 
through the sphere, by the methods luready so fully explained. 

(42.) In oraer to mrm an idea of the efi^t of a sphere 
mad^ of substances of diJSerent refractive powers, m bringing 
. parallel rays to a focus, let us suppose the sphere to have a 
radius of one inch, and let the focus F be determined as in^. 
26., when the substaoces are, 



iBdax at DMuoe, r Q, of tka 

Bcf netloa. Focoa from tha 



Tabasheer - 1*11145 - 4 inches. 

Water - 1*3358 . 1 ~ 

Glass . « V500 - J — 

Zircon - 2*000 - — 

Hence we find that in tabasheer the distance F Q is 4 inches ; 
in water, 1 inch ; iiLglass, half an inch ; and in zircon, nothing; 
that is, r and F coincide with Q, after a single refraction atU. 
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When the index of refraction is greater than S'dOO^' as in 
diamond and several other substances, the ray of light R r 
will cross the axis at a pmnt somewhere between C and Q. 
Under certain circumstances the ray R r will su£fer t6lal re- 
flexion at r, towards another part of the sphere, where it will 
again suffer total reflexion, being carried round the cixcnm- 
ference of the sphere, without the power of making its escape^ 
till the ray is lost by absorption. Now, as this is true of every 
possible section of the sphere, every such ray, Rr, incident 
upon it in a cux;le equidistant flrcxn itxe axis, Gt F, will msSke 
similar reflexions. 

Rule fijr finding the Jbctts F of a sphere. The distance 
of the focus, F, from the centre, C, of any sphere may be thus 
found. Divide the index of refifaction by twice its excess 
above 1, and the quotient is the distance, C F, in radii of the 
Inhere. If the radius of the sphere is 1 inch, and its refrac- 
tive power 1-500, we shall have C F eqoal to 1^ inches, ancl 
Q F equal to half an inch. 

JR^actigm (^ Light tkreugh Convex miA Concq:iie Effaces. 

(43.) The method of tracing the progress of a ray which 
enters a convex surfiice, is shown 'mfig. 26. for the ray H R, 
and of tracing one entering a concave surfiice of w rare me- 
dium, or quittmg a convex sur&ee of a dense one, is sdiown 
for the ray R r, m the same figure. 

When the ray enters the concave snrfltce of adens^ me- 
dium, or quits a similar sur^e, and liters the convex surface 
of a rare medium, the method of tracing its progress is shown 
in f^, ^., where M N is a dense medium (suppose glass)' 




F-< 



with two concave surfaces, or a thick cbncave len& Let C, C 
be the centres of the two surfaces lying in the axis C C, and 
H R, H' R' parallel rays incident on the first surface. As C R 
is perpendicular to the surfiu;e at R, H R C will be the angle 
of mcidence; and if a circle is described with a radius 
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R A, A m will be the aiiie of that angle. From a scale od 
which km is 1*500, take in the coropaaBes 1, and find some 
point, 6, in the circle where, when one feot of the compassea 
IS placed, the other will fidi only on one point, n, of the per- 
pendicular C R: the Une R 6 drawn throogh tbu point will 
oe the refracted ray. By continoing this ray 6 R backwards, 
it will be fiwind that it meets the axis at F. In like manner 
it will be seen that the ray H' R' will be refiracted in the di- . 
lection R' r*, as if it dso diverged fiom F. Hence F wiU be 
the virtual focus of parallel rays refiw:ted by a single concave 
surface, and may be feond by the following rule. 

RuuE for finding the vrincipal focus of a single concave 
surface. Divide £e inaex of refracticm by its excess above 
umty, and the quotient will be the principal focal distance 
F E,-the radius of the surface, or C £2, beipg 1. If the radius 
C £ is ffiven in inches, we have only, to multiply £ F, thus 
obtained by that number of inches, to have the value of F £ 
in inches. 

I( l^ a similar method, we find the refiracted ray r il at the 
emergence of the ray rfi from the second surface r r' of the 
lens, and continue it backwards, it will be found to meet the 
axis at /; so that the divergent rays R r, R' r' are rendered ' 
still more divergent by the second surfiice, and /will be the- 
&CU3 of the lens M N. 

RefiraetUm (f Light through Convex Lenses. 

(44). Parallel rays. Rays of light fidling upon a convex 
Jens parallel to its axis are refracted in precisely the same 
manner as those which fidl upon a sphere ; and the refracted 
ray may be found by the very same methods. But as a sphere 
has an axis in every possible direction, every incident ray 
roust be parallel to an axis of it; whereas, in a lens which 
has only one axis, many of the incident rays must be oblique 
tq that axis. In every case, whether of spheres or lenses, all 
the rays that pass along the axis sufier no refraction, because 
the axis is always perpendicular to the refracting surface. 

When parallel rays, R L, R C, R L, fig. 28., fall upon a 
double convex lens, L L, parallel to its axis R F, the ray R C 
which coincides with the axis will pass throug^i without suf- 
fering any refiiurtion, but the other rays, R L, R L, will be 
refracted at each of the surfaces of the lens ; and the refract- 
ed rays corresponding to them, viz. LF, tF, will be found, 
by the method already given, to m0et at some point, F, in the 
axis. 

When the rays are oblique to the axis, as S L» S L, T L» 

D2 
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T L, the rays S C, T C, which pass through the centre, C, of 
the lens, will suffer refi^tm at each surrace ; but as the two 
refractions are equal, and in opposite directions, the finally re* 
fracted rays C/, Cf Will be parallel to S C, T C. Hence, in 
considering oblique ra!ys, such as S L, T L, we may regard 
lines Sy; T/' passing through the centre, C, of the lens as the 
directions of the refracted rays corresponding to S C, T C. By 
the methods already explained, it will be found that S L, S L will 
be refracted to a common point, y; in the direction of the cen- 
tral ray S/ and T L, T L, to the point/'. The focal distance 
F C, or fC, may be found numerically by the following rule, 
when the thickness of the lens is so small that it may be 
neglected. 

RvLB for finding the principal focus^ or the focus of paral' 
lei rays, for a glass lens unequaUy convex. Multiply the 
radius of the one surface by the radius of the other, and divide 
twice this product by the sum of the same radii. 

When the lens is of glass and equally convex, the focal dis- 
tance will be equal to the radius. 

Rule for the principal focus of a plano-<xmvex lens of 
glass. With either side of the lens turned to parallel rays, 
the distance of the focus, when the lens is thin, will be equal 
to twice the radius of the convex surface. 

(^.) Diverging rays. When divergmg rays, R L, R L, 
fig, 29., radiatmg from the point R, fall upon the double con- 
vex lens L L, whose principal focus is at O and O', their focus 
will be at some point F more remote than O. If R approacheic 
to L L^ the focus F will recede firom L L. When R comea 
to P, so that P C is equal to twice the principal focal distance 







C O, the fi)CU8 F will be at P' as &r behind, the lens as the 
radiant point P is before it When R comes to O', the fbcas 
F will be infinitely distant, or the rays L F, L F wUl be pai^ 
allel ; and when it is between O' ^id C, the refracted rays 
will diverse and have a virtual focus bdbre the lens. The 
focus F of a glass lens, when the thickness is small^ will be 
found by the following rule. 

Rout for finding ^ focus of a convex lens for diverging 
rays. Multiply twice the product oi the radii i the two sur* 
faces of the lens by the distance, R C, of the radiant point, 
for a dividend. Multiply the sum of the two radii by the 
same distance R C, and mim this product subtract twice the 
product of the radii, for a divisor. Divide the above dividend 
oy the divisor, and the quotient wiU lie the focal distance, C F, 
required. 

If the lens is equally convex, the rule will be thia Multi- 
ply the distance of the radiant point, or R C, by the radius of 
the snr&ces, and divide that product by the difference between 
the same distance,and the radius^ and the quotient will be the 
focal length, C F, required. 

When the lens is planoconvex, divide twice the product of 

the distance of the radiant point multiplied by the radius by 

the difference between that distance and twice the radius, and 

Ithe quotient will be the distance of the focus fixxn the centre 

of the lens. 

(46.) For converging rays. When rays, R L, R L, con- 
verging to a v^intffig, 30., foil upon a convex lens L h, they 
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will be so refi:acted as to converge to a pdnt or focus F nearer 
the lens than its principal focus O. As the point of con- 
vergence/recedes from the lens, the point F wul also recede 
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from it towards O, which it just reaches when the point/ be- 
comes infinitely distant When / approaches the lens, /F 
also approaches it The focus F of a glass lens may be 
fonnd when the thickness is small, by the folbwing rule : — 

"Rm^R for finding the focus of timverging rays» Multiply 
twice the product of the radii of the two surfaces of the lens 
by the distance /C of the point of convergence, for a divi- 
dend. Multiply the sum of the two radii by the same dis- 
tance /C, and to this product add twice the product of the 
radii, fi)^ a divisor. Divide the above dividend by the divisor, 
and the quotient will be the focal distance C F required. 

If the lens is equally convex, multiply the distance /C by 
the radius of the sur&ce, and divide that product by the sum 
of the same distance and the radius, and the quotient will be 
the focal length F C required. 

^ When the lens is plano-convex, divide twice the product 
of the distance fC multiplied by the radius by the sum of ^ 
that distance and twice the radius, and the quotient will be 
the focal distance F C required. 

Refraction of Light through Concave Lenses, 
(47.) Paralld rays. Let L L be a double concave lens, and 




R L, R L parallel rays incident upon it ; these rays will di- 
verge after refraction in the directions L r, L r, as if they 
radiated from a point F, which is the virtual focus of the lena. 
The rule for Ending F C is the same as for a convex lena 
(48.) Diverging rays. When the lens L L receives the 



Fig. 32. 




rays R L, R L diverging from R, they will be refracted into 



• 
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IsnBB^ Lr, IflTy divei]giii^ fitm & ftcos F^ iDore fcimte froni 
tlie leos tfam the principal Ibcoa O, and the foal digtaooey 
F C, will be tbond fay the feUowing role : — 

BAJiM/hrJbiidmg^theJbeu9<^ aeonctne leiu of ghus,for 
d iv erging rayn, Mnltq^ twice the product of the ndii by, 
the (UHtiiiee, R C» of the ndiant pmiit fat a dindend. Mot 
ti|^y the sum of the ladii by the distance R C, and add to thia 
twice the product of the radii, fiv a dhriaor. Divide the divi- 
dend fay the divisor, and the quotient will be the focal distance. 

if th» lens is equally oxicave, the rale will be tlua Mul- 
tiply the diatance of the radiant paint fay the radius, and divide 
the product fay the sum of the same distaiioft and the ndins^^ 
and die quotient win be the focal distance. 

When the kns is ^anoHConcave, multiply twice the radios 
fay the distance of the radiant point, and divide this product 
'fay the sum of the same distance and twice the radius; the 
quotient will be*the focal distance. 

(49). Cmaerging ra^ When rays, R L, R L, J^. Sa, 




oonvefg]]^ to a point f^ foil upon a concave lens, L L^ they 
will be redacted so as to have tbear virtual focus at F, alhd tfate 
distance F C will be found fay the rule given for convex lenses. 
The rule for finding the focus of converging rays is exactly 
the same as that for diveiging rays in a dkaime convex kns. 

When the kiia is pUmo-ooncave, the role for finding the 
fiicos of conversing rays is the same as for diveigiqg rays on 
a plaiKHSonvexlBOSL 

Refiradum cf Uight tkrtmgh MemacuMeB and ConcafftHxm' ^ 

wex Lemtes rf GIom. 



(50.) Hie general eflfect of a memssut in refiacting paral- 
lel, diveigiqg, and converging rays, is the same as &t of a 
oofivex lens of the same fxat length ; and the general e^ct 
of a conett90-oontiex lens is the same as that of a concave lena 
c€ ibe same focal length. 

RuLS.^ a memtcus with paraUd rays. Divide twice the 
{HToductof the two radii fay their difference, and the ^lotient 
will be it» focal distance leqivred. 
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Rvutfir a meniscus toith diverging rays. Multiply twiee 
the distance of the radiant point by the product of the two 
lidii for a dividend. Multiply the difference between the two 
radii by the same distance of the radiant point, and from this 
product take twice the product of the radii for a divisor. Divide 
the above dividend by this divisor, and the quotient will be the 
fecal distance required. 

The truth of the preceding rules and observations is cap 
pable of being demonstrated mathematically ; but the reader 
who has not studied mathematics may obtain an ocular demoir- 
etration of them, by projecting the rays and lenses in large 
diagrams, and determining the course of the rays after refmo 
tion by the methods already described. We would recommend 
to him also to submit the rules and observations to the test of 
direcit experiment with the lenses themselves. 



CHAP. V. 

09 THB VORHATION OF IMAGES BT I.ENSBB, AND ON THBIE 

MAGNIFTINO POWER.* 

(51.) We have aJread^ described, in Chapter IL, the prin- 
ciple of the formation of images by small apertures, ana by 
the c(HivergenCy of rays to foci by reflexion from mirrors. 
Images are formed, by refraction, by lenses in the very same 
manner as they are formed, by reflexion, in mirrors; imd it is 
a universal rule, that when an image is formed by a convex 
lens, it is inverted in position relatively to the position of the 
object, and its magnitude is to that of tne object as its distance 
from tiie lens is to the distance of the object from the lenaN 

If M N is an object placed before a convex lens, L hi fig. 
34., every point of it will send forth rays in every direction. 
Those rays which fldl upon the lensL L will be refracted to 
foci behind the lens, and at such distances firom it as may be 
determined b^ the Rules in the last chapter. Since the focus 
where any point of the object is represented in its ima^e is in 
the straight line drawn from that point of the object Uurough 
the midme point C of the lens, the upper end M of the object 
wUl be represented somewhere in tne line M C m, and the 
lower end N somewhere in the line N C n, that is, at the 



See, in the College edition, Appendix of Am. ed. chap, iy. 
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Sints m, n, where the rays L m, Lm, L n, L n croes the lilies 
C m, N C n. Hence m will represent the upper, and n the 
lower end of the object M N; It is also evident, that in the 




two triangles M C N, m C n, m n, the length of the image 
must be to M N the length of the object as C % the distance 
of tlie image, is to C M, the distance of the (4pct from the 
lens. 

We are enabled, therefore, by a lens, to £>rm an image of 
an object at any distance behind the lens we please, greater 
than its principsd focus, and to make this image as large as 
we please, and in any proportion to the object lu' order to 
have the image large, we must bring the object near the lens, 
and in order to have it small, we must remove the object from 
the lens ; and these efl^cts we can vary still fkrtiier, by using 
lenses of different focal lengths or distances. 

When the lenses have the same focus, we may increase the 
brightness of the image by increasing the size of the lens or 
the area of its sur&ce. If a lens has an area of 12 square 
inches, it will obviously intercept twice as many rays proceed- 
ing from every point of the object as if its area were only 6 
square inches; so that, when it is out of our power to in- 
crease the brightness of the object by illuminating it, we may 
always increase the birightness of the image by using a larger 
lens. 

'(52.) Hitherto we have supposed the image m n to be re- 
ceived upon white paper, or 6tucco» or 'some smooth and white 
sur&ce on which a picture of it is distinctly formed ; but if 
we receive it upon ground glass, or transparent paper, or upon 
a plate of glass one of whose sides is covered with a dried 
film of skimmed milk, and if we place our eye 6 or 8 inches 
or more behind this semi-transparent ground interposed at m n, 
we shall see the inverted image mn as distinctly as before. 
If we keep the eye in this positiod, and remove the semi* 
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transparent ^toan^ we abs^ see an image in the air distinctly 
and more bngbt than befin-e. The cause of this will be readily 
understood, S we consider that all the rays which form by 
their convergence the points m,n of the image mn, cross one 
another at fit, n, and diverse from these points exactly in the 
same manner as they would do firom a real object of the same 
size and brightness ]^ced in m n. The image m n ^erefore 
cf any object may be regarded as a new object; and by 
placing another lens behind it, another image of the image 
m n would be formed, exactly c^ the same size and in the 
^me place as it would have been had m n been a real object 
But since the new image of tnn must be inverted, this new 
image will now be an erect image of the object M N, obtained 
byue aid of two lenses ; so that, by using one or more lenses, 
we can obtain direct or inverted images of any object at plea- 
sure. If the object M N is a movable one, and within our 
reach, it is unnecessary to use two lenses to obtain an erect 
image of itrfgwe have only to turn it uj^ide down, and we 
shall obtain, by means of one lens, an image erect in reality, 
though still inverted in relation to the object 

(53.). In order to explain the power of lenses in magnifying 
objects and bringing them near us, or rather in ^giving mag- 
nified images of objects, and bringing the images near us, 
we must examine the different circumstances under which 
the same object appears when |[>laced at different distances 
from the eye. If an eye placed at E looks at a man a 6, Jig, 
35., placed at a distance, his general outline only will be seen, 

fig. 35. 




and neither his age, nor his features, nor his dress will be re- 
cognized. When he is brought gradually nearer to us, we dis- 
cover the separate parts of his dress, till at the distance of a 
few feet we perceive his features; and when brought still 
nearer, we can count his very eye-lashes, and observe the 
minutest lines upon his skin. At the distance E b the man 
is seen under the angle 6 E a, and at the distance E B he is 
seen under the greater angle B E A or 5 E A', and his appa- 
rent magnitudes, a b, A' 6, are measured in tlioee different 
positions bj the angles 6 E a, B E A, or b E A'. The appa- 
rent magmtude of Sie smallest object may, tiierefore, be equal 
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to the apparent magnitude d[ the 'greatest The heaf of s 
pin, for example^ nmy be brought so near the eye that it wiU 
.appear to cover a whole mountain, or even the whole visible 
surface of the earth, and in this case the apparent magnitude 
t^the pin's head is said to be equal to the apparent magnitude 
of the mountain, &c. 

Let us now suppose the man a 5 to be |daced at the dis^ 
tance of 100 feet mm the eye at £, and that we place a con* 
vex glass of 25 feet focal distance, half-way between the ob- 
iect a b and the eye, that is 50 feet from each ; then, as we 
nave previously shown, an inverted image df the man will be 
fermed 50 feet behind the lens, and of the very same size as 
the object, that is, six feet high. If this object is looked at 
by the eye, placed 6 or 8 inches behind it, it will be seen ex- 
ceedingly distinct, and nearly as well as if the man bad been 
brought nearer from the distance of 100 feet to the distance 
<£.6 mches, at which we can examine minutely the details 
of his personal appearance, Now, in this Pflh the- man, 
though not actually magnified, has been appaRRly magni- 
fied, because his apparent magnitude is greatly increased, in 
the proportioB nearly of 6 inches to 100 feet, or of 200 to 1. 

But i£, instead of p, lens of 25 feet fecal length, we make 
use of a lens of a shorter focus, and place it in such a position 
between the eye and the man, that its conjugate foci may be 
at the distance of 20 and 80 feet from the lens, that is, that 
the man ia 20 feet before the lens, and his image 80 feet be- 
hind it, then the size of the image is four times that of the 
object, and the eye placed 6 inches behind this magnified 
image will see it with the greatest distinctness. Now in 
this case the image is magnified 4 times directly by the lens, 
and 200 times by being brought 200 times nearer the eye ; 
BO that its apparent magnitude will be 800 times as large as 
befi»re. 

Uf on the other hand, we use a lens of a still smaller focal 
length, and place it in such a position between the eye and 
tHe man, that its conjugate foci may be at the distance of 75 
and 25 feet from the lens, that is, that the man is 75 feet be^ 
fore the lens, and his image 25 feet behind it, then the size of 
the image will be only one third of the size of the object; 
but though the image is thus diminished three times in size, 
vet its apparent ma£[nitude is increased 200 times by being' 
brought within 6 inches of the eye, so that it is still magni- 
fied, or its apparent magnitude is increased ^|®, or 67 times, 
nearly. 

At distances less than the preceding, where the focal 
length of the lens forms a considerable part of Uie whole dis» 

£ 
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tance, the rule for finding the magnifying power of a lens, 
when the eye views, at the distance of 6 inches, the image 
formed by the lens, is as follows. From the distance between 
theumage and the object in feet, subtract the focal distance 
of the lens in feet, and divide the remainder by the same focal 
distance: By this quotient divide twice the distance of the 
object- in feet, and the new quotient will be the magnifying 
power, or the number of times that the apparent magnitude 
of the object is increased. 

When the focal length of the lens is quite inconsiderable, 
compared with the distance of the object, as jt is in roost 
cases, the rule becomes this, pivide tne focal length of the 
lens by the distance at which the eye looks at the image ; or, 
as the eye will generally look at it at the distance of 6 inches, 
in order to see it most distinctly, divide the focal length by 6 
inches ; or, what is the same thing, double the focal length in 
feet, and tb&result will be the magnifying power. 

(54:) Hflp then, we have the principle of the simplest 
telescope ; which consists of a lens, whose focal length ex- 
ceeds six inches, placed at one end of a tube whose length 
must always be six inches greater than the focal length of the 
lens. When the eye is placed at the other end of the tube, 
it will see an inverted image of distant objects, magnified in 
proportion to tlie focal length of the lens. If the lens has a 
focal length of 10 or 12 feet, the magnifying power will be 
from 20 to 24 times, and the satellites of Jupiter will be dis- 
tinctly seen through this single lens telescope. To a very 
short-sighted person, who sees objects distinctly at a distance 
of three inches, the magnifying power would be from 40 to 48. 

A single concave mirror is, upon the same principle, a re- 
Jleeting telescope, for it is of no consequence whether the 
image of the object is formed by refraction or reflexion. In 
tliis case, however, the image m n. Jig. 14., cannot be looked 
at without standing in the way of the object ; but if the re- 
flection is made a little obliquely, or if the mirror is sufficiently 
large, so as not to intercept all the light from the object, it may 
be employed as a telescope. By using his great mirror, 4 feet 
in diameter and 40 feet in focal length, in the way now men • 
tioned, Dir. Herschel discovered one of the satellites of Saturn. 

But there is still another way of increasing the apparent 
magnitude of objects, particularly of thgse which are within 
our reach, which is of great importance in optics. It will be 
proved, when we come to treat of vision, that a good eye s&es 
the visible outline of an object very distinctly when it is 
placed at a great distance, -and that, by a particular power in 
the eye, we can accommodate it to perceive objects at differ- 
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ent dktajices. Hence, in order to obtain digtinct vision of 
any object, we have only to cause the rays which proceed 
from it to enter the eye in parallel lines, as if the object 
itself was very diistant . Now, if we bring an object, or t^e 
image of an object, very near to the eye, so as to give it great 
apparent magnitude, it becomes indistinct ; but if we can, by 
any contrivance, meJse the rays which proceed from it enter 
the eye nearly parallel, we shall necessarily see it distinctly. 
But we have already shown that when rays diver^ from the 
focus of any lens, they will emerge from it p^raUel. If we, 
therefore, pkce an object, or an image of one, in the focus of 
a lens held close, to the eye, and having a small focal distance, 
the rays will enter the eye parallel, and we ^lall see the ob- 
ject very distinctly, as it will be magnified in the proportion 
of its present short distance from the eye to the distance of 
six inches, at which we see small objects most distinctly. But 
this short distance is equal to the focal length o^he lens, so 
that the magnifying power produced by the lei]^Hi be equid 
to six inches dividS by the focal length of th^ME A lens 
thus used to look at or magnify any object is a single micrO' 
scope; and when such a lens is used to magnify the magnifi- 
ed image produced by another lens, the two lenses together 
constitute a compound microscope. 

When such a lens is used to magnify the image produced 
in the single lens telescope fix)m a distant object, the two 
lenses together constitute what is called the astronomical re-- 
fracting telescope; and when it is used to magnify the 
image produced by a concave mirror from a distant Mtject, &e 
two constitute a reflecting telescope^ such as that used by Le 
Maire and Herschd : and when it is used to magnify an en- 
larged image, M N, Jig» 14., produced from an object m n, 
placed before a concave mirror,- the two constitute a reflect" 
ing .microscope. All these instruments will be more fuUy 
described in a future chapter. 



CHAP. VL 

SPHERICAL ABERRATION OF LENSES AND MIRRORS.''' 

(55.) In the preceding chapters we have supposed that the 
rays refracted at spherical surfiices meet exactly in a focus; 
but this is by no means strictly true : and if the reader has in 

any one case projected the rays by the methods described, he 

- - - . • . 

* For a difcamion of these sobJ««t8, see (in the college edition) the Ap> 
pendiz of Am. ed. chap. v. 
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must have seen that the rays nearest the axis pf & spherical 
surface, or of a leoEV are refracted to a focus more remote 
from the lens than those which are incident ^t a distance from 
the axis of the l^is. The rules which we have give^ for the 
foci of lenses and surfaces are tnie for rays very ne&r tiie axis. 
In order to understand the cause of spherical aherratioD, let 
L L be a plano-convex lens one of whose oir&ces is spherical^ 
and let its plane surface L m L be turned towards parallel 
rays R L, R K Let R' L', R' L' be rays very near the axis 
A F of the Iras, and let F be their foeus after re&action. Let 
R L, R L be mtrallel rays incident at the vary margin of the 
lens^ and it mH be found by the method of ptojectiqn that the 

J^^. 36. 




^corresponding tefi»6ted rays hf^ L/ will meet at a point/ 
much nearer the lens than F. In like manner intemiediate 
rays between R L and R' L' will have their foci intermediate 
between /and F. Continue the rays Lf, hf^ till they meet 
at G and H a plane passing through F, and perpendicular^to F A. 
The distance /F is called the longitudinal tpherical 4d>€rra- 
Hon, and 6 H the later&l ipherictU aberration of the lens. In 
a plano-oonvex lens placed like that in the figure, the longitu- 
dinal spherical aberration/F is no less than ^ times m h the 
thickness of the lens* It is obvious that such a lens cannot form 
a distinct picture of any object in its focus F. If it is exposed 
to the sun^ the central part of the lens L' m U whose focus is 
at F, will form a pretty bright image of the sun at F ; but as 
the rays of the sun which pass through the outer part L L of 
the lens have their foci at points between /and F, the rays will, 
after arriving at those points, pasa on to the plane G H, and 
Fig'^ occupy a circle whose diameter is G H ; hence 
the image <^ the sun in the focus F will be a 
bright disc surrounded and rendered indistinct 
hy a broad halo of light growing fainter and 
fiiinter from F to G and H. In like manner, 
every object seen through such a lens, and 
every image formed bv it, will be rendered 
confused and indistinct by spherical aberration. 
These results may be illustrated experimentally by taking 
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a rinff of black paper, and covering up the outer parts of the 
fiiceL L of the lena This will diminish the halo G H, and 
the indistinctness of the image, aiyl if we cover up all the 
lens excepting a small port in the centre, the image will be* 
copie perfectly distinct, though less bright than before, and the 
focus will be at F. If, on the contrary, we cover up all the 
central part, and leave only a narrow ring at the circumfe- 
rence of the lens, we shall have a very distinct image of the 
sun formed about/ 

»(56.) If the reader will draw a very large diagram of a 
plano-convex and of a double convex lens, and determine the 
refracted rays at di^rent distances from the axis where par- 
allel rays fall on each of the surfaces of the lens, he will be 
able to verify the following results for fflass lenses. 

1. In a piaTUHSonvex leiis, with its plane side turned to par- 
allel rays as mfig. 36., that is, turned to distant objects if it is 
to form an ima^e behind it, or turned to the eye if it is to be 
used in magnifying a near object, the spherica^bmration will 
be 4^ times the thickness, or 4^ times m n. ^^^ 

2. In a pUtTUhconvex lens, with its convex^l^rtnmed to- 
wards parallel rays, the aberration is only l^ths of its thick- 
ness. In using a plano-convex lens, therefore, it should always 
be so placed that parallel rays either enter the convex sur&ce 
or emerge from it. 

3. In a doiible convex lens with equal convexities, the aber- 
ration is ly^^tbs of its thickness. 

4. In a double convex lens having its radii as 2 to 5, the 
aberration will be the same as in a plano-convex lens in Rule 
1, if the side whose radius is 5 is turned towards parallel rays; 
and the same as the plano-convex lens in Rule 2, if the side 
whose radius is 2 is turned to parallel rays. 

5. The lens which has the least spherical aberration is i^ 
double convex one, whose radii are as 1 to 6. When the face 
whose radius is 1 is turned towards parallel rays, the aberra- 
tion is only l-rJirths of its thickness ; but when the side with 
the radius 6 is turned towards parallel rays, the aberration is 
9^ths of its thickness. 

These results are equally true of plano-concave and double 
concave lenses. 

If we silippose the lens of least spherical aberration to have 
its aberration equal to 1, the aberrations of the other lepses 
will be as follows : — 

Best form, as in Rale 5 1*000 

• Double convex or concave, with equal curvatures . 1*561 
Plano-convex or concave in best pbsition, as in Rule S. 1*093 
PlancMsonvex or concave in worst position, as in Role 1. 4*206 

E2 
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If A LflBfiir ezunple, is an ellipse whose greater axis 
A D k to VBstanoe between its foci F,/as the index of re- 
fi actkai is to unity, then paiallel rays R L, R L incident upon 
the elliptical sor&ce L A L will be rejfracted by the single 
action of that sarfrce into lines, which would meet exactly in 
the focus F, if there were no second surface intervening be- 
tween L A L and F. But as every useful leus must have two 
surfaces, we have only to describe a circle L a L round F as a 
centre, for the second surface of the lens L L. As all the rays 
refracted at the surface L A L converge accurately to F, and 
as the circular surface L a L is perpjendicular to every one of 
the refracted rays, all these. rayis will ffo on to F without suf- 
fering any refraction at the circular sumce. Hence it follows 
that a meniscus whose convex surface is part of an ellipsoid, 
and whose concave surface is part of any spherical sur&ce 
whose' centre is in the farther focus, will have no spheriod 
aberration, and will refract parallel rays incident on its convex 
•urflice to the fkrther focus. 

In like manner a concavo-convex lens, L I^ whose concave 
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sur&ce L A L id part of the ellipsoid A L D L, and whose 
convex surface { a / is a circle descrihed round the farther 
^us of the ellipse, will cause parallel rays R L, R L to di' 
verge in directions L r, L r, which when continued backwards 
will meet exactly in the focus F, which will be its virtual 
focus. 
If a plano-convex lens has its convex surface, L A L, part 

Kg. «. 
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of a^hyperboloid formed by the revolution of a^Prbola whoss 
greater axis is to the distance between the foci as uni^ is to 
Sie index of refraction ; then parallel rays, R L, R L, railing 
perpendicularly on the plane sur&ce will be refracted without 
aberration to the fiirther focus of the hvperboloid. The same 
property belongs to a plano-concave lens, having a similar 
hyperbolic sur&ce, and receiving parallel rays on its plane 
surface. 

A meniscus with spherical surfaces has the property of re- 
fracting all converging rays to its focus, if its first sumce is 

Fig.AL 
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convex, provided the distance of the pomt of convergence or 
divergence from the centre of the first sui^e is to the radius 
of the first surfiu^ as the index of refraction is to unity. 
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Thus, if M L L N ia a meniscuB, and R L, R L rays ccmvere- 
bg to the point £, whose distaace E C from the centre of the 
first surfkce L A L of the meniscus is to the radius C A cff 
C L as the index of refractba is to nnitj, that is as 1'500 to 1, 
in glass i then if F is the focus of the first surface, ^escribe 
with any radius less than F A a circle M a N for the second 
eur&ce of the lens. Now it will be found bv projection that 
the ravB R L, R L, whether near the axis A G or remote fVom 
it, will be refracted accurately to the focus F, and as all these 
rays fall perpendicularly on the aecraid surface, they will 
still pas on without refractioQ to the tbcns F. In like manner 
i[ i^ obvious that rays F L, F L diverging from F will be t»- 
fi-acted into R L, R L, which diverge accurately from the vir- 
tual fbcua 

When these properties of the ellipse and hyperholo, and of 
the sdids generated by their revolution, were first discovered, 
philosophers exerted eJI their ingenuity in grinding and polj^ 
ing lenses with elliptical and hyperbolical surfaces, and vanous 
ingenious i^Aanical contrivances were proposed for this pur- 
pose, irhi^piowever, have not succeeded, and the practical 
difficulties which yet require to be overcome are bo great, that 
lenses with spherical surtacea are the only ones now in use 
for optical instruments. 

But though we cannot remove or dimini^ the spherical 
aberration m Emgle lenses beyond lyjgtbs of their thicknen^ 
yet by combining two or more lenses, and making opposite 
aberrations correct each other, we can remedy this defect to a 
very considerable extent in some cases, and in other cases re- 
move it altogefJier. 

(53.) Mr. Herschel has shown, that if two plano-convex 
lenses A B, C p, whose focal lengths are as 2-3 to 1, are placed 
with their convex sides together, A B the least convex being 
next the eye when the combination is to be used as a micro- 
scope, the aberratioa will be only 0-248, or me fourth of that 
of a single lens in its best form. 
When this lens is used to form an 
image, A B must be turned to the 
object If the focal lengths of the 
two lenses are equal, the sjriierical 
' aberration will be frffl©, or a little 
more than one-half of a single lena 
I in its best form. 

Mr. Herschel has also shown that ' 

the spherical aberration may be 

vrhoUy removed by combining a 

meniscuB C D with a double convex lens A B, as in fi^t. 43. 

and 44, the lens A B being turned to the eye when it is \^ei 
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fyt a #ucroBcope, and to the object when it is to be used Ibr 
fdrming images, or as a bQnimg-glaB& 

fig. 43, ' . Fig!u, 





The foUowiiig afe the I'adii of curvattire for these lenses, 
as computed by Mr. Herschel ; the first supposes, as a CQDdif> 
ticm, that the food length of the compouna lens shall be as 
near 10*000 as is consistent with correcting the aberration ; 
and the second, tliat the same focal length sMkbe the least 
possibles — ^^ 

Pig. 43. J^. 44. 

Focal length of the double convex ) , i a.qqq i i O'Ono 
M lens xVJt5«a«**«« y 

Radius of its first or outer surface + 5-833 + 5*833 

Radius of its second sur&ce . . — 35*000 — 85*000 

Focal length of the meniscus C D + 17*829 + 5*497 

Radius of^its, first surface . . . + 3*688+ 2*054 

' , Radius of its second surfitce . . -f- 6*291 -j- 8*128 

Focal length of the compound lens + 6*407 -j- 3*474 

Sphericai Aberration of Mirrors, 

' (50.) We have already stated, that when parallel rays, A M, 
A N, are incident on a sphmcal mirror, M N, they are re* 
iracted to the same fixsus, F, only when they are incident very 
near the axis, AD. If F is the focus of those very near the 

J^.45. 




axis, sudi as A m, then the fecus of those more remote^ such 
as A M, will be at / between F and D, and/F will be the 
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knfii^dinal spherical aberration, which wiU obviously intrease 
with the diameter of the mirror when its curvature remains 
the same, and with the curvature when its diameter is con- 
stant The images, therefore, formed by mirrors will be in- 
distinct, like those formed by spherical lenses, and the indie- 
tinctness will arise from the same cause. 

It is manifest that if M N were a curve of such a nature 
that a line, A M, parallel to its axis, A D, and another line, 
y M drawn from M to a fixed point, f^ should always form 
equal angles with a line, C M, perpendicular to the curve 
M N,^we ^ould in this case have a surfiice which would re- 
flect parallel rays exactly to a focus /, and form perfectly dis- 
tinct images of objects. Such a curve is the parabola ; and, 
ther^ore, if we could construct mirrors of suph a form that 
their section M N is a parabola, they would have the invalua^ 
ble property of reflecting pt^allel rays to a single focus. 
When the curvature of the mirror is very small, opticians 
have devis^Lmethods of communicating to it a parabolic 
figure ; but^Ren the curvature is great, if has not yet been 
found practicable to give it this figure. 

In tne same manner it may be shown, that when diverging 
rays fall upon a concave mirror of a spherical form, they vnu 
be reflected to difierent points of the axis ; and that if a sur- 
face could be formed so that the incident and reflected rays 
should form equal angles with a line perpendicular to the sur- 
face at the point of incidence, the reflected rays would all 
meet in a single point as their focus. A surface whose sec- 
tion is an elfipse has this property ; and it may be proved 
that rays diverging from one focus of an ellipse will be re- 
flected accurately to the other focus. Hence in reflecting 
microscopes the mirror should be a portion of an ellipsoid ; 
the axis of the mirror being the axis of the ellipsoid, and the 
object being placed in the focus nearest the mirror. 

On CaUstic Curves formed by Reflexion and Refraction,* 

(60/) Caustics formed by reflexion. — ^As the rajrs incident 
on different points of a reflecting surface at difierent distaiices 
from it§ axis are reflected to difierent foci in that axis, it is 
evident that ^e rays thus reflected miist cross one another at 
particular pointe, and wherever the rays cross they will illu- 
minate the white ground on which tiey are received with 
twice as much light as fells on other parts of the ground. 
Tliese luminous intersections form curve lines, called caustic 

lines or caustic curves ; and their nature and form will, of 

■ I ■ II ' ' ' ' ■ ' ' .1 ^ 

* See (id tbd College edition) tlie Appendix of Am. ed. cbap. v. 
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conise, TSi; with the apeitlire of the minor, u^ the distance 
' of the radiant point. 

In rader Id e:^tun tbeir mode oi fonnatioD and general 
priqiecties,letMBNbeactHicaTe tpherical mkiia, fig. 4&, 
whcse centre is C, and whose focoa br patallel and c«iitial 



rajrs is F. Let R M B be a diverging beam of light &Dbg 
OD the upper part, M B, of the mirror at the pomts 1, 2, 3, 4, 
&c. If we draw ibes perpendicular to alt these points fnun 
the centre C, and make the angles of refiexicn equal to the 
angles of incidence, we shall otAain the directions and fbci of 
all the reflected raya. The ray R 1, near the aiis R B, will 
have its conjumte focus at /, between F and the centre C. 
The next ray, R 3, will cut the axis nearer F, and so on with 
all the rest, the foci advancing from y* to R By drawing all 
the reflected ra^ to these foci, they will be found to intersect 
one another as in the figure, and to form hy their intersections 
the cniMltc cvrve M/. If the light had also been incident 
on the lower part of the mirror, a similar caustic shown by a 
dotted line would also have been formed between N and /. 
If we suppoae, therefore, the point of incidence to move 6wi - 
M to B, the conjugate locua of any two conti^fuous rays, tv 
an infinitely lender pencil diverging from R, will move akaig 
the caoatio from M to / 

Let us now suppose the convex sur&ce M B N of the mir- 
ror to be polished, and the radiant point R to be placed as ftr 
to the ri^ht hand of B as it is now to the left, it will be found, 
by drawmg the incident and reflected rays, that they will di- 
verge after reflexion; and that when continued backwards 
they will tntersect one another, and form an imaginary caustic 
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Btn&ted behind the ctnivez surbce, uid ounilar to tlie real 

ciustic 

If we suppose the CMiveX lakior M B N to be completed 
Tound the mme centre, C, w at MAN, and the pencil of 
nya still to radiate from B, they will form the inBtginary 
CBiutic M^N Boaller thaa M/N, and uniting with it at' 
the points U, N. 

Let the radiant piuiit R be now BumKwed to recede from 
the iDirTDT H B N, the line B£ which la called the tangeTa 
of the real caustic M y N, will obviously diminish, because 
the conjugate focus / will appro(u:h to F ; and, for the same 
Teasoo, the langent A /* (^ the imaginary caustic will in- 
crease. When R becomes infinitely distant, and the incident 
rayi pamllel, the pabts /,/', called the etupi of the caustic, 
will both coincide with F and P, the principal £>ci, and will 
have the very same size and Ginn. 

But if the radiant point R a[^roachea to the mirror, the 
cusp y of tite real caustic will approach to the centre C, and 
the langenOl f will increase, the cusp f of the imaginary 
caustic will approach A, and ita tangent A/', will diminish; 
and when the radiant point arrives at the circumference at A, 
the cusp y will also arrive at A, and the imaginary caustic 
will disappear. At the same time, the cusp J" of the real 
caustic will be a little to the right of C, and its two opposite 
summits will meet in the radiant point at A. 

If we suppose the radiant point R now to enter within the 
circle A U B N, as shown in fig. 47., so that RC is less than 



B A, a remarkaUe double canslic will be formed. This 
caustic will conaiBt of two short ones of the common kind. 
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r, br, having their eomiDoii cusp at r , and of two long* 
branches, af, bf, which me^t in a focus at / When R C is 
greater tlian R A, the carved branches that meet at / behind 
5ie mirror will diverge, and have a virtual fbcitf within the 
mirror. When R coincides with F, a point half-way between 
A and C, and the virtual principal focus of the convex minor 
MANi these curved branches become parallel lines; and 
when R coincides with the centre C, the caustics disappear, 
and all the light is condensed into a single mathematical point 
at C, from which it again diverges, ami is again reflected to 
the same point 

In virtue of the principle on which these phenomena de- 
pend, a spherical nurror has, undet certain circumstances, the 
paradoxical property of rendering rays diverging fiom a fixed 
point either parallel, diverging, or converging ; that is, if the 
radiant point is a little way within the principal focus of a 
mirror, so that rays very near the axis are reflected into par- 
allel lines, the rays which are incident still nearer the axis 
will be rendered diverging, and those incident briber lk)m 
the axis will b6 rendered converging. This property n&y be 
distinctly exhibited by the projection of the reflected rays. 
. Caustic curves are frequently seen in a very distinct and 
beautiful manner at the bottom of cylindrical vessels of china 
or es^rthenware that happen to be exposed to the light of the 
sun or of a candle. In tiiese castes the rays generally fall too 
obliquely on their cylindrical surface, owing to their depth ; 
but this depth may be removed, and the caustic curves beau- 
tifully displayed, by inserting a circular piece of card or 
white paper about an inch or so beneath their upper edge, or 
by filling them to that height with milk ct ai}y white and 
opaque^fluid. 

The following method, however, of ex- 
hibiting caustic curves r have found ex- 
ceedingly convenient and instructive. Take 
a piece of steel spring highly polished, such 
as a watch-spring, M N, Jig. 48., and hav- 
ing bent it into a concave form as in the 
figure, place it vertically on its edsei upon 
a piece of card or white paper A S. , Let 
it then be exposed either to the rays of 
tlio sun, or those of any x>ther luminous 
body, taking care that the plane of the 
card or the paper passes nearly through 
the sun ; and the two caustic curves shown 
in the figure will be finely displayed. By 
^ varying the size of the spring, and bending 
IP 
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it into carves of different shapes, all the variety of caustics^ 
with their cusps and points of contrary flexure, will he finely 
exhibited. The steel may be bbnt accurately into different 
curves by applying a portion of its breadth to the required 
curves drawn upon a piece of wood, and either cut or burned 
sufficiently deep in the wood to allow the edge of the thin 
etrip of metal to be inserted in it Gold or silver foil answers 
venr well ; and when the light is strong, a thin strip of mica 
will also answer the purpose. The best subfi(tance of aU, 
however, is a thin strip of polished silver. 

(61.) Caustics formed by refraction. If we expose a 
globe of glass filled with water, or a solid spherical lens, or 
even the belly of a round decanter, filled with water, to the 
rays of the sun, or to the light of a lamp or candle, and re- 
ceive the refracted light on white paper held almost parallel 
to the axis of the sphere, or so that its plane passes nearly 
through the luminous body, we shall perceive on the paper a 
luminous figure bounded by two bright caustics, like af and 
b f, fig- 47., but placed behind the sphere, and forming a 
sharp cusp or angle at the point f which is the focus of re- 
fracted rays. The production of these curves depends upon 
the intersection of rays, which, being incident on the sphere 
at different distances ^opi the axis, are refracted to foci at dif^' 
ferent points of the axis, and there&re cross one another. 
This result is so easily understood, and may be exhibited so 
clearly, 'by projecting the refracted rays, that it is unneces- 
sary to say any more on the subject. 

Some of the phenomena of caustics produced by refraction 
may be illustrated experimentally in the following manner : — 
Take a shallow cylindrical vessel of lead, M N, two or three 
inches in 4ia'meter, and cut its upper margin, as shown in the 
figure, leaving two opposite projections, ac, bd, forming each 
aoout 10° or 15° of the whole circumference. Complete the 
circumference by cementing on the vessel two strips of mica, 
jfij? 49. so as to substitute for the lead that has 

been removed two transparent cylin- 
^^ drical surfaces. If this vessel is filled 

with water, or any other transparent 
fluid, and a piece of card or white 
paper, A B C D, is held' almost paral- 
lel to the surface of the water, and 
having its plane nearly passing 
through the sun or the candle, the caustics A F, D F will be 
fihely displayed. By altering the curvature of the vessel, 
and that of the strips of mica, many interesting variations of 
the experiment may be made. 
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PART II. 



PHYSICAL OPTICS. 



(62.) Phtbioal Optics is that branch of the science which 
treats of the physical properties oi light These properties 
are exhibited in the decomposition and recomposition of white 
light; in its decompoatbn by absorption; in the inflexion car 
di£&8ction of light ; in the colors of thick and thin plates ; and 
in the doable refraction and polarization of light 



CHAP. vn. 

OR THE COLORS OF LIGHT, AND ITS DBGOMFOSITION. 

(63.)' In the preceding chapters we have regarded light aM 
a simple substance, all die parts of which had the same index 
of renmction^ and therefore suffered the same chan^ when 
acted upon by transparent media. This, however, is not its 
constitution. White light, as emitted firom the sun or from 
any luminous body, is composed of seven different kinds of 
light, viz., red, orange, yellow, green, blue,- indigo, and violet; 
and this compound substance may be decomposed, or analyzed, 
or separated into its elementary parts, by two different pro- 
cesses, viz., by refraction and abaorption. 

The first df these processes was that which was employed 
by Si^ Isaac Newton, who discovered the composition of white 
light HaVing admitted a beam of the sun's ligiit, S H, 
through a small hole, H, in the window-shut^r, E F, of a 
darkened room, it will go on in a straight line and form a 
round white spot at P. If we now mterpose a prism, B A C, 
whose refiractmg angle is B A C, so that this beam of light 
may fall on its first surfiuse CA, and emerge at the same 
angle iron} its second sur&ce B A in the direction g 6, and if 
we receive the refracted beam on the opposite wall, or rather 
on a white screen, M N, we should expect, from the priqciples 
already laid down, that the white beam which previously fell 
upon P would suffer only a change in its direction, and fall 
somewhere upon M N, forming there a round white spot ex- 
actly similar to that at P. But this is not the case. Instead 
of a white spot, there will be formed upon the screen M N an 



cMong innge K L of the sun, containbg seven colors, viz. 
ted, orange, yeUoie, green, Wue, indigo, and vwUl, the whole 



bum cf liffhl diveipng &om ha emergence oat tS the prion 
at g, and being boundd bj the lines g&, g L. This leDgth- 
ened tmsg^ of the sun is called the »<Aar speetntm, or the 
prismatic apectnan. If the aperture H is small, and the dia 
tance ^ G con^erable, the ci^ore of the spectrum will bercry 
bright The lowest portion of it at L is a brilliant red. This 
red shades off l^ imperceptible giadationa into orange, the 
orange into t/eUoto, the yeUow into^reen, the green into Mae, 
the Hve into a pure iTidigo, and the indigo into a violet. No 
lines arc seen across the speclnun thus produced ; and it is 
extremely difficult for the sharfieBt eje to point out the bound- 
ary of the different colors. Sir Isaac Newton, however, hy 
many trials, found Uie lengths of the colors to be hb follows, 
in the kind of gleea of which hie prism was made. We have 
added the resuils obtained by Fraunhcfer with flint glass, 

Red .45 56 

Orange ..... 27 27 

YeUow 48 27 

Green 60 46 



Indieo 
Violet 



Total length 360 
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These colors are not equally brilliant At the lower end, L, 
of the' spectrum the red is comparatively faint, tut grows 
brighter as it approaches the orange. The light increases 
gradually to the middle of the yellow space^ where it is 
brightest; and from this it gradually declines to the upper or 
violet end, K, of the spectrum, Where It is extremely mint 

(64) From the phenomena which we have now described^ 
Sir Isaac Newton concluded that the beam of white light, S, 
is compounded of light of seven diflbrent colors, and that ^ 
each of these different kinds of light, the glass, of which his 
prism was made, had different indices of refraction ; the index 
of refrabtson for the red light being the least, and that of the 
violet the greatest 

If the prism is made of crown glass, for example, the in- 
dices of refraction for the different colored rays will be as fol- 
lows :— 



lodoxor 



ladeztiT 

Bcfnrtioa. 



Blue 1-5360 

Indigo 1^17 

Violet 1-5466 



Red 1-5258 

Orange 1'5268 

Yellow 1-5296 

Green 1-5330 

If we now draw the prism, B A C, on a great scale, and de- 
termine the progress of the reiracted rays, supposed to be in- 
cident upon the same point of the first sur&ce C A, by using 
for each ray the index of refraction in the pr^eding table, we 
shall find them to diverge as in the .preceding figure, and to- 
form the different colors in thie order of those in the spectrum. 

In order to examine each color separately, -Sir Isaac made 
a hole in the screen M N, opposite the centre of each colored 
space; and he allowed that particular color to fall upon a 
second prism, placed behind the hole. This light, when re- 
fracted by the second prism, was not drawn out into an oblong 
image as before, and was not refracted into any other colors. 
Hence he concluded that the light of each different color had 
the same index of refraction ; and he called such light homo» 
geneous, or simple, white light being regarded as heteroge" 
neous or compound. This important doctrine is called the 
different, refrangibUity of the rays of light. The difierent 
colors as existing in the spectrum are cafied /yrimary colors ; 
and any mixtures or combinations of any of them are called 
secondary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
white light. Sir Isaac also proved, eKperiraentally, that all the 
seven colors, when again combined and made to fill upon the 

F2 
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same spot, fonned or recoTnposeS white liglfL This important 
truth he established by various experiments ; but th^ following 
method of proving it is so satisfactory, that no farther evidence 
seems to be wanted. Let the screen M Ntjig. 50., which re- 
ceives the spectrum, be gradually brought nearer the prism 
BAG, the spectrum K L will gradually diminish ; but though 
the colors begin to inix, and encroach upon one another, yet, 
even when it is brought close to the &ce B A of the prion, we 
shall recognize the separation of the light into its component 
colors. If we now take a prism, B a A, shewn by dotted lines, 
made of the same kind of glass as B A C, and having its re- 
fracting angle A B a exactly equal to the refracting angle 
B A C of the other prism ; and if we place it in the opposite 
direction, we shall find that all the seven differently colored 
rays which &li upon the second prism, A B a, are again com- 
bined into a single beam of white light ^ P, forming a white 
circular spot at E, as if neither of the prisms had been inter- 
posed. The very same effect will be produced, even if the 
surfaces, A B, of the two prisms are joined by a transparent 
cement of the same refractive power as the glass, so as to re- 
move entirely the refractions at the common surface A B» In 
this state the two prisms combined are nothing more than a 
thick piece of glass, B C A a, whose two sides, A C, a B, are 
exactly parallel; and the decomposition of the light by the re- 
fraction ^of the first surface, A C, is counteracted by the oppo- 
site and equal refraction of the second surface, a B ; that is, 
'the light decomposed by the first surface is recoraposed by the 
second surface. The refraction and re-union of the rays in 
this experiment may be well exhibited by placing a thick plate 
of oil of cassia between two parallel plates of glass, and 
making a narrow beam of the sun's light fall upon it very ob- 
liquely. The spectrum formed by tiie action of the first sur- 
face will be distmctly visible, and the re-union of the colors 
by the second will be equally distinct. We may, therefore, 
consider the action of a plate of parallel glass on the sun's 
rays, that is, its property of transmitting them colorless, as a 
sufficient proof of the recomposition of light. 

The same doctrine may be illustrated experimentally by 
mixing together seven different powders having the same 
colors as mose of the spectrum, taking as much of each as 
seems to be proportional to the rays in each colored space. 
The union of these colors will be a sort of grayish-white, be- 
cause it is impossible to obtain powders of Sie proper colors. 
The same result will be obtained, if we take a circle of paper 
and divide it into sectors of the same size as the colored 
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spaces; and when this circle 'Ss made to revolve rapidW, the 
effect of all the colors when combined will be a grayish- white. 

Decomposition of Light by Absorption, 

(66.) If we measure the quantity of light which is reflected 
from the surfaces and transmitted through the substance of 
transparent bodies, we shall find that the sum of these quan- 
tities is always les^ than the quantity of light which falls 
upon the body. Hence we may conclude that a certain por- 
tion of light is lost in passing through the most transparent 
bodies. This loss arises from two causes. A part of the light 
is scattered in all directions by irregular reflexion fix>m the 
imperfectly polished surface of particular media, or from the 
imperfect union of its parts ; while another, and generally a 
greater portion, is absorbed, or stopped by the' particles of the 
body.' Colored" fluids, ajich as black and red ink, though 
equally homogeneous, stop or absorb different kinds of rays, 
and when exposed to the sun they become heated in difierent 
degrees; while pure water, seems to transmit all the rays 
equally,* and scarcely receives any heat from the passing light 
of the sun. 

When we examine more minutely the action of colored 
glasses and colored fluids in absorbing light, many remarkable 
phenomena present themselves, which throw much light upon 
this curious subject 

If we take a piece of blue glass, like that generally used 
for finger, glasseg, and transmit through it a beam of white 
light, 3ie light will be a fine deep^ blue. This blue is not a 
simple homogeneous color, like the blue or indigo of the spec- 
trum, but is a mixture of all the colors of white light which 
the glass has not absorbed ; and the colors which the ^lass 
has absorbed are those which the blue wants of white hght, 
or which, when mixed with this blue, would form white light 
In order to determine what these colors are, let us transmit 
through the blue glass the prismatic spectrum K L, Jig. 50. ; 
or, what is the same thing, let the observer place his eye be- 
hind the prism B A C, and look through it at the sun, or 
rather at a circular aperture made in the window-shutter of 
a dark room. He will then see through the prism the spec- 
trum K L as far below the aperture as it was above the spot P 
wHeii shown in the screen. Let the blue glass be now mter- 
posed, between the eye and the prism, and a remarkable spec- 
trum will be seen, deficient in a certain number of its dii^r- 

■■ ■ »^— ^ — W I ■ ^,f ■■-■■» ■■■■ — ■ —.■■■■ — ■.,■■■. ■■■!■ ■ m^^m^ 

* See Note II., of Am. ed.» wbich follows the autiior's Appendix. 
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ently colored rays. A particular thickness absorbs the middle 
of the red space, the whole of the orange, a great part of the 
green, a considerable part of the blue, a little of the indigo, 
and very little of tne violet The yellow space, which has 
not been much absorbed, has increased in breadth. It occu- 
pies part of the space formerly covered by the orange on one 
side, and part of the space formerly covered by the green on 
the other. Hence it follows, that the blue glass has absorbed 
the red light, which, when mixed with the yellow light, con- 
stituted orange, and has absorbed -also the blue light, which, 
when mixed with the yeUciWy constituted the part of the 
green space next to the yeUow, We have therefore, by ab- 
sorption, decomposed green light into yellow and blue, and 
orqnge light into yellow and red; and it consequently follows, 
that the orange and green rays of the spectrum, though they 
cannot be decomposed by prismatic refraction, can be decom- 
pose by absorption, and actually consist of two different 
colors possessing the same degree of refrangibility. Differ- 
ence of color is therefore not a test of difference of refrangir 
bUity, and the conclusion deduced by Newton is no longer 
admissible as a general ^uth : ** That to the same degree of 
refrangibility ever belongs the same color, and to the same 
color ever belongs the same degree of refrangibility." 

With the view of obtaining a complete ansuysis of the s^c- 
trum, I have examined the spectra produced by various bodies, 
and the changes which they undergo by absorption when 
viewed through various colored media, and I find that the 
color of every part of the spectrum may be changed not only 
in intensity, but in color, by the action of particular media ; 
and from these observations, which it would be out of place 
here to detail, I conclude that the solar spectrum consists of 
three spectra of equal lengths, viz. a red spectrum, a %/^llow 
spectrum, and a blue spectrum. The primary red spectrum 
has its maximum of intensity about tiie middle of the red 
space in the solar spectrum, the primary yeUow spectrum has 
its maximum in the middle or the yellow space, and the 
primary blue spectrum has its maximum between the blue 
and the indigo ^pace. The two minuna of each of the three 
primary spectra coincide at the two extremities of the solar 
spectrum. 

From this view of the constitution of the solar spectrum 
we may draw the following conclusions : — 

1. Jl^d, yellow, and blue light exist at every point of the 
Bolsif spectrum. 

2. As a certain portion of red, yellow, and blue constitute 
white light, the color of every point of the spectrum may be 
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considered as consisting of the predominating color at any 
point mixed with white light In the red [^)ace there is more 
red than is necessary to make white light with the small por- 
tions of yellow and hlue which exist there ; in the yellow 
space there 13 more yellow than is necessary to make white 
I^ht with tiie red and blue ; and in the part of the blue space 
iH^ich appears violet there i^ more red than yellow, and 
hence the excess of red forms a videt with the blue. 

S. By absorbing the excess of any color at any point of the 
Spectrum above mhat is necessary to f<xnn white li^ht, we 
may actually cause white light to appear at that pomt, and 
Jthis white light will possess the remarkable property of re- 
maining white after anv number of refractions, and of being 
decomposable only by aosorption. Such a white ligfht I have 
succeeded in developing in different parts of the spectrum. 
These views harmonize in a remarkable manner with the 
hvpothesis of three colors, which has been adopted by many 
philosophers, and which otibers had rejected from its incom- 
patibility with the phenomena of the spectrum. 

The existence or three primary colors in the spectrum, and 
the mode in which they produce by their combination the 
seven secondary or compound colors which are developed by 
the prism, will be understood from fig. 51. where M N is the 
prismatic spectrum, consisting of three primary spectra of the 
same lengths, M N, viz. a reu, a yeUow, and a blue spectrum. 
The red spectrum has its maximum intensity at R ; and this 
intensity may be represented by the distance of the point R 
firom M N. The intensity declines rapidly to M and slowly 
to N, at both of which points it vanishes. The yelUim spec- 




trum has its maximunL intensify at Y, the intensity declining to 
zero at M and N ; and the hlvte has its maximum intensity at 
B^ declining to nothing at M and N. The general curve 
which represents the total illumination at any point will be 
outside of these three curves, and its ordinate at any point 
will be equal to the sum of the three ordinates at the same 
point Thus the ordinate of the general curve at the point Y 
will be equal to the ordinate of Sie yellow curve, wljich we 
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may sappoee to be 10, added to that of the red curve, which 
may be 2, and that of the blue, which may be 1. , Hence the 
general ordinate will be 13. Now, if we suppose that 3 parts 
of yellow, ^ of red, and 1 of blue make white, w§ shall have 
the color at Y equal to 3 + 2 -f- 1» equal to 6 parts of white 
mixed with 7 parts of yellow ; that is, the compound tint at 
Y will be a bright yeUow without any trace of red or blue. 
As these colors all occtipy the same place in the spectrum, 
tl^ey cannot be separated by the prism ; and if we could find 
a colored glass which would absorb 7 parts of the yellow, we 
should obtain at the point Y a tohite light which the prism 
could not decompose.* 



CHAP. vm. 

< ON THE DISPERSION OF LIGHT. 

In the preceding observations, we have considered the pris- 
matic spectrum, K L, j^^. 50., as produced bv a prism of glass 
having a given refracting angle, BAG. The green ray, or 
g G, which, being midway between glL and g L, is called 
the mean ray of the spectrum, has been refracted from P to 
G, or through an angle of deviation, P ^ G, which is called 
the mean refraction or deviation, produced, by the prism. If 
we now increase the angle B A C of the prism, we shall in- 
crease the refraction. The mean ray ^ G will be refracted 
to a greater distance from P, and the extreme rays g- L, ^ K, 
to a greater distance in the same prq)ortion ; that is, if ^ G 
is refracted twice as much, g L and g K will also be refracted 
twice as much, and consequently the length of the spectrum 
K L will be twice as great For the same reason, if we 
diminish the angle BAG of the prisin, the mean refraction 
and the spectrum will diminish in the same proportion; but, 
whatever be the angle of the prim, the length K L will al- 
ways bear the same proportion to G P, the mean refraction. 

Sir Isaac Newton supposed that prisms made of all sub- 
stances whatever, produced spectra bearing the same propor- 
tion to the mean refraction as prisms of ^ass ; and it is a re- 
markable circumstance, that a philosopher of such sa«racity 
should have overlooked a fact so palpable, as that di&rent 
bodies produced spectra whose lengths were different, when 
the mean refraction was the same. 

The prism BAG being supposed to be made of crown 

• See Note lU., by Am. ed., foUowing the author's Appendix. 
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glass, let US take another of flint glass or white crystal, with 
such a refracting angle that, when placed in the positicm 
B A C, the light enters and quits it at equal angles, and re- 
fracts the mea;n rev to the same point 6. The two prisms 
ought, liierefore, to have the same mean refraction. But when 
we examine the spectrum produced foy the flint ^lass |H'ism, 
we shall find that it extends bi^ood K and L, and is evidently 
longer than the spectrum produced hv the crown glass prism. 
Hence flvnJt glass is said to have a greater disnersive power 
than crown glass, because at the same angle oi mean refrac- 
tion it separates llie extreme rays of the spectrum, g- L, £- K, 
farther from the mean ray g G. 

In order to explain more clearly what is the real measure 
of the dispersive power of a body, let us suppose that in the 
crown glass prism, BAG, the index of refiuctibn for the ex- 
treme violet ray, ^E, is 1-5466, and that for the extreme red 
ray, g L, 1'5^56; then the difference ai these indices, or 
*02i)6, would be a measure of the di^rsive power of crown 

flaas, if it and all other bodies had the same mean refraction : 
ut as this is far from being the case, the dispersive power 
must be measured by the relation between '0206 and the 
iQean refraction, or 1*5330, or to the excess <^ this above 
unity, viz., '5330, to which the mean refraction is always pro- 
portional For the purpose of making this clearer, let it be 
required to compare the dispersive' powers of diamond and 
crown glass. The index of refraction of diamond for the ex- 
treme violet ray is 2*467, and for the extreme red, 2*411, and 
the difference of these is -0560, nearly three times as great as 
H)208, the same ^difference for crown glass ; but then the dif- 
ference between the sines of mcidence and refraction* or the 
excess of the index of refraction above unity, or 1*439, is a)so 
about three, times as great as the same difference in crown 

flass, viz., *5330 ; and, consequently, the dispersive power of 
iamond is very little greater than that of crown glass. The 
two dispersive powers are an follows : — 

Crown Glass . . . :JU« = 0*0396 
Diamond .... -f.^ =t= 0*0888 

This similarity of dispersive power might be proved experi- 
mentally, by taking a prism of diamond, which, when placed 
at B A C in fig. 50., produced the same mean refraction as the 
green ray g G, It would then be seen that the spectrum 
which it produced was of the same length as that produced 
by the prism of crown glass. Hence the splendid colors 
which distinguish diamond from every other precious stone 
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are not .owing to its high dispersive power, but to its great 
mean, refractio]). 

As the indices of refraction given in our table of refractive 
, powers are nearly suited to the mean ray of the spectrum, 
we may, by the second column of the Table of the Dispersive 
Powers of Bodies, given in the Appendix, No. I., obtain the 
approximate indices of refraction for the extreme red and the 
extreme violet rays, by adding half of the number in the col- 
umn to the mean index of refraction for the index of refrac- 
tbn of the, violet, and subtracting half of the same number 
&r the index of tlie red ray. The measures in the table are 
given for the ordinary light of day. When the sun's light is 
used, and when the eye is screened from the middle rays of 
the spectrum, the red and violet may be traced to a much 
greater distance from the mean ray of the spectrum. 

When the index of refraction for the extreme ray is thus 
known, we may determine the position and length of the 
spectra produced by prisms of difterent substances, whatever 
be their refracting angle, whatever be the positions of the 
prism, and whatever be the distance of the screen on. which 
the spectrum is received. 

If we take a prism of crown glass, and another of ilint 
glass, with such refracting angles that they produce a spec- 
trum of precisely the pame length, it will be found, that when 
the two prisms are placed together with their refracting angles 
in opposite directions, they will not restore the refracted pencil 
to the state of white light, as happens in the combination of 
two equal prisms of crown or two equal prisms of flint glasa 
The white light P,^^.50., will be tinged on one side with 
purple, and on the other with green light I'his is called the 
secondary spectrum, and the colors secondary colors ; and it 
is manifest that they must aiise from the colored spaces in the 
spectrum of crown glass not being equal to those in the spec- 
trum of flint glass. 

In order to render this curioMS property of the spectrum 
very obvious to the eye, let two spectra of equal length be 
formed by two hollow prisms, one containing oil of cassia, 
and the other sulphuric acid. The oil of cassia spectrum will 
resemble AB^Jig. 52., and the sulphuric acid spectrum C D. 
In the former, the red, orange, and yellow spaces are less than 
in the latter, while the blue, indigo, and violet spaces are 
greater ; the least refrangible rays being, as it were, contract- 
ed in the former and expanded in the latter, while the most 
refrangible rays are exjranded in the one and contracted in the 
other. In consequence of this difference in the colored spaces, 
the middle or mean ray m n does not pass through the saoie 
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color in both ifiectn. la the oil of eairia apectrum it is 
the blve apace, and io tha ndfUtaric acid apectrum it ia in t] 



YtOaiw. 



pcoe, thiB property has been called the trrationaiity oi di4per- 
#ion, or of the colored spaces in the ^ctrum. 

In order to ascertain whether any prism contracta or ex- 
puida the least refrangible raj's more Uian another, or which 
of them acts most on green light, take a priam of each with 
such angles that Ihey correct eacli other's dispersion as much 
as possible, or that . thej prodace spectra of the same length. 
If, through the prisma placed with their refuting angles in 
oppoaite directions, we lOok at the bar of the win£>w parallel 
to the base of the priam, we shall see its edge^ perfectly free 
ttom color, provided the two prisms act equally upMi greMl light 
But if they act diflerently on green light, the bar will have a 
fringe of purple on one mAe, and a fringe of green on Qie 
other ; and the green A'inira will always be on toe game aide 
of the bar as the vertex cf the priam which contracts the yel- 
low space and expands the blue end violet ones. That is, if 
the prisms are flmt and crown glam, the uncorrected green 
fringe will be oa the lower side of the bar when the vertex of 
the flint glass prism points downwards. E^int glass, therefore, 
has a less action upon green light than crown glam, and coO' 
tjacta in a greater degree the red and jellow apacei. 8e9 
Appendix, No. R ■ 
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CHAP. IX. 

ON TRB FBINdFLB OF ACHBOMATXC TKUEiOOFBB. 

In treating of the progress of rays through lenses, it was 
taken for granted that the light was homogeneous, and that 
every ray that had the same angle of incidence had also the 
same angle of refraction ; or, what is the same thing, that 
every ray which fell upon the lens had the same index of re- 
fraction. The observations in the two preceding chapters 
have, however, proved that this is not true, and that, in the 
case of light faUmg upon crown glass, th^e are rays with 
every possible index of refraction from 1*5258, the index of 
refraction for the red, to 1*5466, the index of refraction fi>r the 
violet rays. As the light of the stm, by which all the bodies 
of nature are rendered visible, is white, this property of light, 
viz. the different refnuiffibility of its parts, arocts greatly the 
fi>rmation of images by lenses of all kinds. 

In order to explain this, let L L be a convex lens of crown 
glass, and R L, R L rays of white light incident upon it par- 

Fig.SA. 




allel to its axis R r. As each ray R L of white light consists 
of seven differently colored rays having di&rent degrees of 
refran^ibility or different indices of refraction, it is evident 
that all the rays which compose R L cannot possibly be re- 
fracted in the same direction, so as to fall upon one point The 
extreme red rays, for example, in R L, R L, whose index of 
refraction is 1*5258, if traced through the lens by the mel3iod 
formerly given, will be found to have their focus in r, and C r 
will be the focal length of the lens for red ray& In like 
manner the extreme violet rays, which have a greater index 
of refraction, or 1*5466, will be refracted to a focus v much 
nearer the lens, and Cv will be the focsl length of the lens 
for violet rays. The distance v r is called the chromatic aber-' 
ration, and the circle whose diameter is a 6 passing through 
the focus of the mean refrangible rays ato, is (ialled the circle 
of least aberration. 
These effects may be shown experimentally by exposing the 
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lens L L to the paraHel laysof the sun. If we teceive the 
image of the sun on a piece of paper placed between o and C, 
the kiminous circle on the paper will have a red border, be- 
cause it is a section of the caoe L a 6 L, the exterior rays of 
which hojhb are red ; but if the paper is placed at any 
greater distance tihan o, the luminous circle on the paper wifi 
haive a vioiet border, because it is a section of the cone / abl'^ 
the exterior rays of \duch al,bV are violet, being a contin- 
uation of the violet, rays L v, L v. As the spherical aberratbu 
. of the lens is here combined with its chromatic aberration, 
the undisguised ejQTect of the latter will be better seen by 
taking a large convex lens L L, and covering up all the cen- 
tral [Murt, leavinsf only a small rim' round its circumference at 
L hf through which the rays of light may pass. The refrac- 
tion of the differently cokored rays will be dien finely dis- 
played by viewing the image of the sun on the different sides 
of a b. 

It is clear from these observations that the lens will form a 
violet image of the stm at v, a red image at r, and images of 
the other colors in the spectrum at intermediate points be- 
tween r iand v; so that if we place the eye behind these 
images, we shall see a confused imager poesessing none of 
that sharpness and distinctness which it woul^ have had if 
formed only fay one kind oi ray& 

The same observations are true of the refiraction of white 
light by a concave lens ; only in this case the parallel raya 
which such a lens refracts diverge, as if they proceeded from 
separate loci, v and r, in front of the lens. 

If we now place behind L L a connive lens Q G of the 
same glass, and having its surfaces ground to the same cur- 
vature, it is obvious t&t since v is its virtual focus for violet, 
and r its virtual &cus for red rays, if the paper is held at a 6, 
the focus of the mean, refran^bie rays, where the vioiet and 
red rays cross at a and 6, the nnage will be more distinct than 
in any other position ; and when rays converge to the focus of 
any concave lens, they will be r^iracted into parallel direc- 
tions; that is, the concave |ens will refract these converging 
ravs into the paxallel lines GlfG I, and they will agam form- 
white light That the red and violet rays will be thus re- 
united in one, viz. G Z, may be proved by projecting them ; but 
it is obvious also from the consideration that the two lenses 
L L, G G actually form a piece of parallel glass, the outer 
concave sur&ce of G G being parallel to the outer convex sur- 
face of L L. 

(670 ^u^ though we have thus corrected the color produced 
by LL, by means of the l^s G G, we have done this by a 
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vmlem eombswdoa ; snce the two together act coly like a 
piece of phuie gksB, and are incapable of ferming an image, 
if we make the eooeave lens Q 6, however, of a longer focoe 
than L L, the two together will act aa a convex lene^ and will 
fiirm images behind it, as the rays Gl,Gl will now converge 
to a ftcus behind L L. Baf as the chromatic aberration of the 
lens 6 Q will now be less than that of L L, the one will not 
correct^ or compensate the other; so that the di^rence be- 
tween the two aberrations will still remain. Hence it is im- 
possible, hy means of two lenses of the sams glass, to fbnn 
an imafe which shall be free ^cam color. 

As ^ Isaac Newton believed that all snbetences wliatever 
pftxloced the same quantity of color, or had the same chrcv 
matic aberration when formed into lenses, he concluded that 
it was impossible, by the combination of a concave with a oqd^ 
vex glass, to produce redaction without color^ But we havei 
already seen that the premises from which this conclusion wae 
dniwn are incorrect, and that bodies have difibrent dispersive 
powers^ or produce different degrees of <solor at ibe same mean 
refhiction. Hence it Allows that di^rent lenses may produce 
the same degree of cobr when they have difibrent local 
lengths; do tlMit if the lens L L is mfede dferotsn giMSi who8<» 
index of rofraction is 1*519, and dkpelsive power 0'096, and 
the lens G G of Jlint glass, whose index of i^raction is 1^589, 
and dispemve power 0*0898^ and if the focal le^rth of the 
convex crown-glass lens ii made ^ mches, and that of the 
concave fiint-gSas lens 7f inches, they will form a lens with a 
focal length of 10 inches, and will i^e&aot white light to a 
nngle focus ^eee of color. Such a lens ie called an achro- 
matic lens ; and when used as a telescope, with another glass 
to magnify the odorless image which it forms of distant ob- 
jects, it constitutes the adiTomatid teteseopSi one of the 
greatest inventions ^ the last oentuiy. Although Newton, 
reasoning from hl^ imperfect knowledge of the dispersive 
power of bodies, pronounced such an invention to be h^eless; 
^et, in a 'short time after the death of that great philosopher, 
It was accomplished by a Mr. Hall, and afterwards by Mr. 
Dollond, who brought it to a high degree erf* perfoction. 

The image formed by an achromatic lens thus constructed 
would have been perfect if the equal wgeoXtK formed by the 
crown and flint glass were in every reepect similar : Irat as 
We have seen that the colored spaces in the one are not equal 
to the colored spaces in the other, a secondary spectrum is 
left ; and therefore the images of all luminotis objects, when 
seen through such a lens, will be bordered on one side with a 
purple fringe, and on the other with a green fringe. If two 
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subfitaiices could be fiNind of different refractive and dispersive 
powers, and capable of prodacinf^ equal spectra, in which the 
colored spaces were equal, a perfect achromatic lens would be 
produced : but, .as no such substances have yet been found, 
philosophers have endeavored to remove the imperfection by 
other means; and Doctor Blair had the merit of surmounting 
the difficulty. He found that muriatic acid had the property 
of producing a primary spectrum, in whieh the green rays 
were among the most refeingible, something like C Ujfig, 52., 
as in crown glass. But as muriatic acid has too low a refrac- 
tive and dispersive power to fit it for being used as a concave 
lens along with a convex one of crown ^lass, he therefore 
conceived the idea of increasing the refractive and dispersive 
powers of the muriatic acid, by mixing it with metallic solu- 
tions, such as muriate of antimcmy ; ami he found he could do 
this to the requisite extent without altering its law of disper- 
sion, or the proporticm of the colored spaces in its spectrum. 
By inclosing, therefore, muriate of antimony, L L, between 
two convex lenses of crown glass, as A B, C D in Jig. 54., 
Doctor Blair succeeded in re&acting parallel rays R A, RB 




B1 

to a single focus F, without the least trace of secondary 
color. Before he discovered this property of the muriatic 
acid, he had contrived another, though a more complicated 
combination, for producing the same efiect; but as he prefer- 
red the combination which we have described, and employed 
it in the best aplanatic object-glasses which he constructed, it 
is unnecessary to dwell any longer upon the subject 

In these observations, we have supposed that the lenses 
which are combined have no spherical aberration ; but though 
this is not the case, the combination of concave with convex 
sur&ces, when properly adjusted, enables us completely to 
correct the spherical along with the chromatic aberration of 
lenses. 

In the course of an examination of the secondary spectra 
produced by difierent combinations, I was led to the conclu- 
sion that there may be refraction without color, by means of 
two prisms, and that two lenses may converge white light to 

G2 



ooe focus, even though the prisms and the lemei are made of 
the same kind of glass. When one prism of a difierent anj^fle 
is thus made to correct the dispersion of another prism, a tef^ 
iiary spectrum is produced, which depends wholly on the 
angles at which the li^t is refracted at the two sarfiices of 
the prisms. See Treatise on New Phihsopkieai Lutru- 
metUSf p. 400. 



CHAP. X. 

ON THE PHYSICAL PROPERTIES OF THE SPECTRUM. 

(68.) In the preceding chapter we have considered only 
those general properties of tfa^ solar spectnmi on which the 
ccmstruction of achromatic lenses depends. We shall now 
proceed to take a general view c^ aU its physical properties. 

On the Existence of Fixed Lines in the Spectrum, 

In the year 1802, Dr. Wollaston announced that in the 
spectrum formed hy a fine prism of flint glass, free from veins, 
when the luminous object was a slit, the twentieth of an inch 
wide, and viewed at the distance of 10 or 12 feet, there were 
two fixed dark lines, one in the green and the other in the 
blue space. This disco^r^ did not excite any attention, and 
was not followed out by its ingenious author. 

Without a knowledge of Dr. Wollaston's observation, the 
late celebrated M. Fraunhofer, of Munich, by viewing throt^h 
a telescope the spectrum formed from a narrow line of solaf 
light by the finest prisms of flint glass, discovered that the 
surface of the spectrum was crossed throughout its whole 
length by dark lines of different breadths. None of these lines 
"coincide with the boundaries of the colored spaces. They are 
nearly 600 in number : the largest of them subtends an angle 
of from 5" to 10". From their distinctness, and the facility 
with which they may be found, seven of these lines, viz. 
B, C, D, E, F, Gr, H, have been particularly distinguished by 
M. Fraunhofer. Of these B lies in the red space, near its 
outer end ; C. which is broad and black, is beyond the middle 
of the red ; D is in the orange, and is a strong double line, 
easily seen, the two lines being nearly of the same size, and 
separated by a bright one; Eis in the green, and consists of 
several, the middle one being the strongest ; F is in the blue^ 
and is a very strong line ; G is in the indigo, and H in the 
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9io2ef . Besidos these lines there are others which deserve to 
he noticed At A is a well defined dark line within the red 
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Space, and half-way hetween A and B is a group of seven or 
eight) ibrming together a dark hand. Between B and C there 
are 9 lines ; hetween C and D there are 90 ; hetween Q and 
E there are 84 of different sizes. Between E and b there are 
24, at b there are three very strong lines, wilii a fine clear 
space between the two widest; between b and F there are 
52; between F and G 185; and between 6 and H 190, 
many being accnmulated at 6. 

Tnese lines are seen with equal distinctness in spectra pro- 
duced by all solid and fluid bodies, and, whatever be the 
lengths of the spectra and the proportion of their colored' 
spaces, the lines preserve the same relative ^position to the 
boundaries of the colored spaces; and therefiire their propor- 
tional distances vary with the nature of the prism by which 
they are produced. ^ Their number, however, their order, and 
their intensity are absolutely invariable, provided light coming 
either directly* or indirectly from the sun be employed. 
Similar bands are perceived in the light of the planets and 
fixed starsj of colored flames, and of the electric spark. The 
spectra from the light of Mars and from that of Venus con* 
tain the lines D, E, 1; and F in the same positions as in sun- 
light In the spectrum from the light of SiriuSi no fixed 
lines could be perceived in the orange and yellow spaces ; but 
in the green there was a very strong streak, and two other 
very strong ones in the blue. They had no resemblance, 
however, to any of the lines in planetary light. The star 
Castor gives a ^)ectrum exactly like that of Sirius, the 
streak in the green being in the verv same place. The 
streaks were f£o seen in the blue, but f^raunhofer could not 
ascertain their place. In the spectrum of Pollux there were 
many weak but fixed lines, which looked like those in Venu& 



* Fraunhof«f found the rery sam^ linea in moonlight. 
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It had the line D, for example, in the very same place ad in 
the light of the planets. In the spectntm of Capella the 
lines D and b are seen as in the sun*8 light The spectrum 
of Betalgeus contains numerous fixed lines sharply defined, 
and those at D and b are precii^ly in the same places as in 
sun-light It resembles the spectrum of Venus. ^ In the spec- 
trum of Procyon Fraunhofer saw the line D in the ocange ; 
but though he observed other lines, yet he could not deter- 
mine then: place with any degree of accuracy. In the spec- 
trum of electric light there is a great number of bright lines. 
The spectrum from the light of a lamp contains none of the 
dark fixed lines seen in the spectrum from sun-light; but 
there is in the orange a bright line which is more distinct 
than the rest of the spectrum. It is a double line, and oc- 
curs at the same place where D is fi>und in the solar spec- 
trum. The spectrum from the light of a flame maintained by 
the blowpipe contains several distinct bright lines.* 

(69.) One of the most impoiitant practical results of the 
discovery of these fixed lines in the solar spectrum is, that 
they enable us to take the most accurate measures of the 
refractive and dispersive powers of bodies, by measuring 
the distances of uie lines B, C, D, &c. Fraunhofer com- 
puted the table of the indices of refraction of difierent sub* 
stances, given in the Appendix, Na III. ' From the numbers 
in the table here referred to we may compute the ratios of 
the dispersive powers of any two of the substances, by the 
method already explained in a preceding chapter. 

On the Illuminating Power of the Spectrum, 

(70.) Before the time of M. Fraunhofer, the illuminating 
power of the different parts of the spectrum had been given 
only from a rude estimate. By means of a photometer he ob- 
tained the following results : — 

The place of maximum illumination he found to be at M, 
fig, 55., so situated that D M was about one third or one 
fourth of D £ ; and therefore this place is at the boundary of 
the orange and yellow. Calling the illuminatiog power at M, 
where it is a maximum, 100, then the light of other points 
will be as follows: — 

Light at the red extremity - 0*0 

B 3-2 

i C --.--. 9-4 

D 640 

Maximum light at M - 100*0 
Light at E - - - - - 48*0 

* See The Ednburgk Journal qf Science, No. XV. p. 7. 



Light at F ... 
G - - . 

« — *- H . . . 
the violet ex- 
tremity - - - 



. 17*00 

- 310 

- 0*56 
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Calling the intensity of the light in the brightest space D E 
100, Fraunhofer found the light to Have the fdlowing inteisitj 
in the other spaees : — 

Inteneityof light in BC - 2-1 

C D 29-9 

: DE lOO'O 



Intensity <^ light in £F 32-8 

FG 18-5 

^GH 3-5 



From these results it follows that, in the spectruni examr 
ined by Fraunhofer^ the most luininous ray is nearer the red 
than the violet extremity in the proportion of 1 to 3-5, and ' 
that the mean ray is almost in the middle of the blue space. 
As a great part, however, of the violet extremity of the spec- 
trum is not seen under ordinary circumstances, these results 
cannot b& applied to spectra produced under such drcum* 
s^^ce& 



* On the Heating Power of ike Spectrum. 

(71.) It had always been i^pposed by philosophers that the 
heating power in the spectrum Would be proportional to the 
quantity of light; and Xandriani, Rochon, and Sennebier, 
found the yeUow to be the warmest of the c^ored spaces. Dr. 
Herschel, however, Moved by a series of experiments.that the 
heating power gradually increased from the violet to the red 
extremity €f the spectrum. He found also that the tnermcmo- 
ter contioued to rise when placed beyond the red end of the 
spectrum, where not a sii^le ray of light could be perceived. 

Hence he drew t^e important conclusion, that there were 
invisible rays in the light of the sufif which had the power of 
producing heat^ and which had a kst decree of reflnangibil- 
ity than redlifhL £^. Heiischel was desirous of ascertaining 
the refrangibility of the extreme invi^ble ray which possessed 
the power ^ heating, but he found this to be impracticable ; 
and he satisfied himself wi^ determining that, at a point 1^ 
inches distant &om the extreme red ray, the invisible rays ex- 
erted a considerate heating power, even though the ther* 
mometerwos placed at the distance of ^ inches from the 
prism. ' 

These results were confirmed by Sir Henry Englefield, who 
obtained the following measures ;*^ 



Blue 

Grfeen 

YeBow 



. 560 
. 62 



Red . . 
Beyond red 



Toapentne. 

. 79 



When the thermometer was returned fscm beyond the red 
into the red, it fell again to 72^. 
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M. Berard obtained analogous measures ; but he. fi)und that 
the maximum of heat was at the very extremity of the red 
rays when the bulb of .the thermometer was completely cov- 
ered by them, and that beyond the red space the heat was 
only one fiflh above that of the ambient air. 

Sir Humphry Davy ascribed Berard's results to his usinff 
thermometers with circular bulbs, and of too large a size ; and 
he therefore repeated the experiments in Italy and at Geneva, 
with very slender thermometers, not more than one twelfth of 
an inch m diameter, with very long bulbs filled with air con- 
fined by a colored fluid. The result of these experiments was 
a confirmation of those of Dr. Herschel.* 

M. Seebeck, who has more ret^ontly studied this subject, has 
dbown that the place of maximum heat in the spectrum varies 
with the substance of which the prism is made. The follow- 
ing are his results : — ' 

•ntatuMortlwrrin. Ootonl 4«m in wtaUh the bnt it 

a mazlmnm* 

Water . . . . . . . , . . Ydlow. 

Alcohol .......... Yellow. 

CMl of turpentine Yellow. 

Stilphuric acid coiioentrated . . Orange. 

Solation of sal-ammoniac . . . Orange. 

Solution of corrosive sublimate . Orange. 

Crown glass Middle of the red. 

Plate glass Middle of the red. • 

Flint glass Beyond the red. 

, The observations on alcohol and oil of turpentine were 
made by M. Wunsch-f 

On the Chemical Influence of the Spectrum. 

(72.) It was long ago noticed by the celebrated Scheele, 
that muriate of silver is rendered much blacker by -the violet 
than by any of' the other rays of the spectrum. In 1801, M. 
Ritter of Jena, while repeating the experiments of Dr. Her? 
schel, found that the muriate of silver became very soon black 
beyond the violet extremity of tiie spectrum. U became a 
lirae less Uackened in the violet itself, still less in the hlucy 
the blackening growing less and less towards the red ex- 
tremity. When muiiate of silver a little blackened was used, 
its color was partly restored when placed in the red. space, and 
still more in the space of the invisible rays beyond the red. 
Hence he concluded that there are two sets of invisible rays 

* See E^nhurgk Encffdapadia, voL x. p, 69., wbere they were first pub- 
lished, as communicated to me by Sir Humphry. 

t For the recent observations of Signor Melloni, see Note IV. of Am. ed. 
wbicb follows author's Appendix. 
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in the solar spectrum, one on the red side which fiivors oxy- 
genation, and the other on the violet side which &vors di^- 
oxygenation. M. Ritter also found that phosphorus enutted 
white fumes in the invisible red ; while in the mvisible violet, 
phosphorus in a state of oxygenation was instantly extin- 
guished. ■ 

' In repestmg the experiments with muriate of silver, M. 
Seebeck found that its color varied with the colored space in 
which it was held. In . and beyond the vioki, it was reddish 
hrown ; in the 62ue, it was blue or hhdsh grey \ in the yellow, 
it was white, either unchanged or faintly tinged with yeUow ; 
and^in and beyond the red it was red. In prisms of flint glass, 
the muriate was decidedly colored beyoixi the limits of the 
spectrum. 

Without knowing what had been done by Ritter, Dr. Wol- 
lastoi^ obtained the very same results respecting the action of 
violet light on muriate of silver. In continuing- his experi- 
ments, he discovered some new chemical effects ^ light upon 
gum gvaiacum. Having dissolved some of this gum in alco- 
hol, and washed a card with the tincture, he exp^ed it in the 
difierent colored spaces of the spectrum without observing 
any change of color. He then took a lens 7 inches in diame- 
ter, and having covered the central part of it so as to leave 
only a rmg of one tenth of an inch at its circumference, he 
could collect the rays of any color in a focus, the focal di»- 
tance being about 24^ inches for yellow light The card 
washed wiSi guaiacum was then cut in small pieces, which 
were placed in the different rays concentrated by the leii6. In 
the violet and blue rays it acquired a green color. In the 
yellow no effect was produced. In the red rays, pieces of the 
card already made green los| their green color, and were re- 
stored to their original hue. The guaiacum card, when placed 
in carbonic acid gas, could jM be rendered green at any dis- 
tance from the lens, but was speedUy restorol from green to 
yellow by the red rays. Dr. Wollarton also found that the 
back of a heated silver spoon temeved the green color as e£* 
fectually as the red rays. 

On the Magnetizing Power of the Mar Rays. 

(73.) Dr. Morichini, more than twenty years ago, announced 
that the violet rays of the solar spectrum had tiie power of 
magnetizing small steel needles that were entirely free from 
magnetism. This effect was produced by collecting the violet 
rays in the focus of a convex lens, and carrying £e focus of 
these rays from the middle of one half of the needle to the , 
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extremities of that, half, without touchiner the other hal£ 
When this operation had been performed for an hour, the 
needle had acquired perfect polarity. MM. Carpa and RidoLSi 
repeated this experiment with perfect success ; and Dr. Mori- 
chini magnetized several needles in the presence of Sir H. 
Davy, Professor Playfair, and other English philosophers. M. 
Beranl at Montpelier, M. Dhombre Firmas at AI%is, and pro- 
fessor Configliachi at Pavia, having fiuled in producini^ the 
same effects, a doubt was thus cast over the aiccuracy of pre- 
ceding researches. 

A tew years ago, Dr. Merichihi's experiment was restored 
^to credit by some ingenious experiments by Mrs. Somerville. 
Having covered with paper half of a sewing needle, about an 
inch long, and devoid of magnetism, and exposed the other 
half uncovered to the violet rays, the needle acquired mag- 
netism in about two hoiHrs, the exj^osed end exhibiting norm 
polarity. The indigo rays produced nearly the same effect, 
and the blue and green produced it in a less degree. When 
the needle was exposed to the yellow, orange, rS, or calorific 
rays beyond the r^ it did not receive the lightest magetism, 
although the exposures lasted for three days. Pieces of clock 
and watch springs gave simUar results ; and when the violet 
ray was concentrated with a lens, the needles, &c<, were 
magnetized in a shorter time. The same effects were pro- 
duced by exposing the needles half covered with paper to the 
sun^s rays transmitted through glass colored blue with cobalt 
Green glass produced the same effect The light of the sun 
transmitted through blue and green riband produced the same 
effect as through colored glass. When the needles thus cov- 
ered had hung a day in the sun's rays behind a pane of glass, 
their exposed ends were north poles, as formerly. 

In repeating Mrs. Somerville's experiments, M. Baumgart- 
ner of Vienna discovered th^it a steel wire, some parts df 
which were polished, while the rest were without lustre, be- 
came magnetic by exposure to the white light of the sun ; a 
north pole appearing at eaQh polished part, and a south pole at 
each unpolished part. The effect was hastened by concen- 
trating the solar rays upon the steel wire. In this way he ob- 
tained 8 poles on a wire eight inches long. He was not able 
to magnetize needles perfectly oxidated, or perfectly polislied, 
or having polished lines in the direction of their lengths. 

About the same time, Mr. Christie o[ Woolwich found that 
when a magnetized needle, or a needle of copper or glass, vi- 
brated by the force of torsion in the white light of the sun, 
the arch of vibration wis more rapidly diminished in the sun's 
light than in the shad^ The effect was greatest on the mag^ 
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neti^ needle. Hence he concludes that the compound sofaur 
rays posseds « very sensible magnetic influence. 

These results have raeeived a very remarkable confirmation i 
from the experiments of M. fiarlocci and M. ZantedeschL 
Professor Barlocci found that an aimed natural loadstone^ 
which could carry 1^ Roman pound% had its power nearly 
doubled by twenty*four hours' exposure to the strong light of 
the sun. M. Zantedeschi found that an artificial horse-shoe 
loadstone, which carried 18^ oz., carried S^ more by three 
days' exposure, >ind at last suppcoted 31 oz., by continuing it 
in the son's light He found, that while the strength in- 
creased in (»cidated magnets, it diminished in those which 
were not oxidated, the diminution becoming insensible when 
the loadstone was highly polished. He now concentrated the 
solar rays upon the loadstone by means of a lens ; and he 
found that, both in oxidated and polished magnets, they ac- 
quire strength when their north pole is exposed to the sun's 
rays, and lose strength when the south pole is exposed. He 
found likewise that the augmentation m the first ease ex- 
ceeded the 4iii)uiution in l£e second. M. Zantedeschi re- 
peated the experiments of Mr. Christie on needles vibrating 
m the sun's light ; and he found that, by exposing the north 
pole of a needle a foot long, the semi-amplitude of the last 
oscillation was 6^ less than the first ; while, by exposing the 
south pole, the last oscillation became greater than the first. 
M. Zantedeschi admits that he often encountered inexplicable 
anomalies in these experiments.'*' 

Decisive as these results seem to be in favor of the mag- 
netizing power both of violet and white light, yet a series df 
apparently very well conducted experiments have been lately 
published by MM. Riess and. Moser,! which cast a doubt over 
the researches of preceding philoeophera In these experi- 
ments, they examined the number of oscillations performed in 
a given time &e/bre and after the needle vna submitted to the ^ 
influence of the violet ray& A focus of violet light concen- ' 
trated by a lens 1*2 inches in diameter, and 2*3 inches in focal 
length, was mode to traverse one half of the needle 200 
times ; and though this experiment was repeated with differ- 
ent needles, at diflTefent seasons of the year, and di^rent 
hours of the day, yet the duration of a given number of oscil* 
lations was almost exactly the same after as before the experi- 
ment Their attempts to verify the results of Baumgartner 

were equally fruitless ; and they therefore consuler themselves ' 

■ ■ ' ■ ■ 

* Edinburgh Jowi^l tif Seitjut, New Sarifl, No. V., p. 76. 
tM. No. IV.,p.2S5. 
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as entitled to reject totally a discovery, which for seventeen 
years has at different times disturbed science, ** The small 
vai'iations," they observe, *^ which are found in some of our 
experiments, cannot constitute a real action of the nature of 
that which was observed* by MM. Morichini, Baumgartner, 
&c., in so clear and decided a manner." « 



CHAP. XI. 

ON THE INFLEXION OR DIFFRACTION OF UGHT. 

(74.) Having thus described the changes which light expe- 
riences when refracted by the surfaces of transparent bodies, 
and the properties which it exhibits when thus decomposed 
into its elements, we shall now proceed to consider the phe- 
nomena which it presents when passing near the edges of 
bodies. This branch of optics is called the inflexion or the 
diffraction of light 

This curious property of light was first described by Gri- 
maldi in 1665, and aiterwards by Newton ; but it is to the late 
M. Fresnel that we are indebted for a most successful and able 
investigation of the phenomena. 

In order to observe the action of bodies upon the light 
which passes near them, let a lens L L, of venr short focus, 
Jig, 56., be fixed in the window-shutter, M N, of a dark room ; 

Fig. 56. 




and let R L L be a beam of the sun's light, transmitted through 
the lens. This light will be collected into a focus at F, from 
which it will diverge in lines PC, FD, formmg a circular 
image of light on the opposite wall. If a small hole, about 
the fortieth of an inch in diameter, had been fixed in the win- 
dow-shutter in place of the lens, nearly the same divergent 
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beam of light would have been obtamed. The simdows of all 
bodies whatever held in this light will be finmd to be sur- 
iQunded with three fringes of the following oolors, reckoning 
from the shadow : — 

First fringe, — Violet, indigo, pale blue, green, yellow, red. 
. SecoTtd fringe, — ^Blue, yeltow, red. 

Third fringe, — ^Pale blue, pale yellow, pale red. 

In order to examine these fringes, we maj^ either receive 
them on a smooth white solace aa Newton did, or adopt the 
ftiethod of Fresnel, who looked at them with a magmfying 
fflaBS, in the same manner as if they had been an image 
formed by a len& This last method is decidedly the best, as 
it enables the dtOBerrer to measure the fringes, and ascertain 
the changes which they undergo under di^rent circum* 
stances. 

Let a body B be now placed at the distance B F from the 
&C0S, and let its shadow be received on the screen C D, at a 
fixed distance from the body B, and the following phenomena 
will be observed : — 

1. Whatever be the nature of the body B with regard to its 
density or refractive power, whether it is pktma or the pith 
of a rudi, whether it is tabasheer or chrnnate of lead, the 
fringes surrounding its shadow will be the very same in mag- 
nitude and in color, and the colors will be those given above. 

2. If the light R L is htmiogeneons light of the different 
colors in the spectrum, the fii^|es will to of the same color 
as the li^ht R L ; and they wfll be broadest in r^ light, 
smallest m vioietj and of intermediate sizes in the interme- 
diate colors. 

3. The' body B continuing fixed, let us either bring the 
screen CD nearer to B, or bring the lens with which we 
view the frin^ nearer to B, so as to see them at difi^rent 
distances behmd R It will be found that they grow less and 
less as they approach the edge of B, from winch they take 
their risa But if we measure the distances of any one fringe 
from the shadow at diflferent distances behind B, we shall £d 
that the line joining the same point of the firinge is not a 
straight line, but a hyperbola whose vertex is at me edge of 
the tody ; so that the same frin^ is not fonned by the same 
light at all distances fixim the body, but resembles a caustie 
curve formed by the intersection of different raya This cu- 
rious foct we have endeav(Mred to represent in the figure by 
the hyperbolic curves joining the edge of the body B and the 
firinges which are shown l^ dotted lines. 

4 Hitherto we have supposed that B has been held at the 
same ctirtance fitnn F; but let it now be brought to 6, much 
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nearer F, and let the screen C D be Inrought to c <i, so that 
^^ is equal BG. In tiiis new position, where nothing haa 
been changed but the distance from F, the fripgee will bo 
found greatly increased in breii^dth, their relative distances 
from each other and from the margin of the shadow remain* 
ing the same. The influence of distance from the radiai^ 
point F on the size of the frin^s, or oa the quantity of 
mflexion, is shown in the following results obtained by M. 
Fresnel : — 





Dtatanoe of Um iBflccting 
diant point 9- 


DUUace B or ft/ behhid the 
Ixxir B or », vlMi* tto !■- 
flextoo WM meunrad. 


AflgiOtr loflczlM or the nd nm 
or the Cnt Mnga. 


■ P6 
PB 


4 inches. 
20 feet 


39 inches. 
39 


12' 6" 
3 55 



When we consider that the fringes are largest in red, and 
smallest in violet li^t, it is easy to understand the cause 
of their colors in white light; for the colors seen in this case 
arise from the superposition of fringes of all the seven colors ; 
that is, if the eye could receive all the seven differently coll- 
ed fringes at once, these colora would form by their mixture 
the actual colors in the fringes seen by white light Hence 
we see why the color of the first fringe is violet near the 
shadow, and red at a greater distance ; and why the blending 
of the colors beyond the third fringe forms white light, ixt* 
stead of exhibiting themselves in separate tints. 

Upon measuring the proportions^ breadths of the fringes 
witii great care, Newton found that they were as the num- 
bers 1, ^/^ y/it v^|, and their intervals in the same pro* 
portion. 

Besides the extolTial fringes which surround all bodies, 
Grimaldi discovered within the i^adows d long and narrow 
bodies a number of parallel streaks or fringes aJtemately light 
and dark. Their number grew smaller as the body tapered ; 
and Dr. Young remarked that the central line was idways 
white, so that there must always be an odd number of white 
stripes, and an even number of dark ones. At the angular 
termination of bodies these fringes widen and become convex 
to the central white line ; and when the termination is rect( 
Bngular, what are called the crested fringes of Grinuddi are 
pr^uced. 

The phenomena exhibited by substituting apertures of 
various forms in place pf the body B are very interesting. 
When the aperture is circular, such as that formed in a piece 
of lead with a small pin, and when a lens is placed behind it 
so as to view the shadow at different distances, the aperture 
will be seen surrounded with distinct rings, which contract 
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and dilate, and change their tints in the most heantiful man- 
ner. When the aperture is one thirtieth of ah inch, its dis- 
tance F B from the luminous point 6 feet 6 inches, and its 
distance from the focus of the eye-lens, or B G, 24 inches, 
the following series of rings was observed : — 

1st order. Whit!e, pale yellow, yellow, orange, dull red. 

2d order. Violet, blue, whitish, greenish yellow, yellow, 
bright orange. 

3d order. Purple, indigo blue, greenish blue, Inight green, 
yellow green, red. 

4th onier. Bluish green, bluish whiter red. 

5th order. Dull green, faint bluish white, faint red. 

6th order. Very fidnt green, very faint.i^. ' 

7th order. A trace of green and red. 

When the aperture B is brought nearer to the eye-lens 
whose focus is supposed to be at G, the central white 9pct 
^rows less and less till it vanishes, the rings gradually closing 
m upon it, and the centre' assuming in succession the most 
briliant tints. The following were the tints observed by 
Mr. Herschel ; the distance between the^ radiant point F and 
the focus. G of the eye-lens remaining constant, and the 
aperture, supposed to be at B, being gradually brought nearer 
toG:— 



DiaUdee 
of aper- 
tur« B 
fivnttia 



tS4in. 
18 

13-5 

10 
9-25 
910 
8*75 
8-36 
800 
7-75 
700 
6-63 
600 
5-85 
5-50 
6-00 
4-76 
4-50 
4-00 
3-85 
350 



Color of tbA Central apot. 



White. 
White. 

Yellow. 

Intense orange. 
Deep orange red. 
Brilliant blood red. 
Deep criiii80|i red. 
Deep purple. 
Very soraore violet, 
Intense indigo blue. 
Pure deep blue. 
Sky blue. 
Bluish white. 
Very pale blue. • 
Greenish white. 
Yellow. 
Orange yellow. 
Scarlet. 
Red. 
Blue. 
Dark blue. 



Chairtrtar cf tba Mnia which aanmnd 
th« ceBtial apot. 



Rings as described above. 

First two rings confused. Red of 3d, and 

green of 4th order» splendid. 
Inner rings diluted. Red and green of 

the 6uter rings good. 
^11 the rings much dilated. - 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
A broad yellow ring. 
A pNftle yellow ring. 
A rich yellow. , 

A ring of orange, with a sombre space. 
Orange red, with a pale yellow space. 
A crimson red ring. 
Purple, with orange yellow. 
31ue, orange. 

Bright blue, orangdted, pale yellow, white. 
Pale yellow, violet, pale yellow, white. 
White, indigo, dull oranee, white. 
White, yeUow, blue, dull red. 

Orange, light blue, violet, dull orange. 

■■I » » ' ' I *ii I « I 
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When two small apertures ia% used itistead of one^ ^d tko 
rings examined by tbe eye4«DS as before, two sygtems of 
Tings will be seen, one round each centre ; but, besides tbe 
rings, there is another fiet (rf* fringes which, when the aper- 
tures are equal, are parallel rectilineal frWes equidistant 
from Ihe two centres, and .perpendicular to l£e line joining 
these centres. Two other sets of parallel rectilineal fringes 
diverge in the form of a St. Andrew's cross from the middle 
point between the two centres, and forming equal angles be- 
tween the first set of parallel fringes. If the apertures are 
unequal, the two systems of rings are unequal, and the first 
s^t of parallel fringes become hyperbolas, concave towards 
the smaller system of rings, and having the aperture in their 
common focus,* 

The finest experiments on this subject are those of Fraun- 
hoier ; but a proper view of them would require more space 
than we can 8paje.f 



CHAP. XIL 

ON THS COLORS OF THIN PLATES. 

(75.) When light is either reflected from the surfiices d* 
transparent bodies, or transmitted through portions of them 
with parallel surfaces, it is invariably white, for all the di^ 
ferent thicknesses of such bodies as we are tin the habit of 
seeing. The thinnest films of blown glass, and the thinnest 
films of mica generally met with, will both reflect and trans- 
mit white light If we diminish, however, the thickness df 
these two bodies to a certain degree, we shall find that, in- 
stead of giving white tight by reflexion and transmission, the 
light is in both cases colored. 

Mr. Boyle seems first to have observed that thin bubbles of 
the essential oils, spirit of wine, turpentine, and soap and 
water^ exhibited beautiful colors ; and he succeeded in blow- 
ing glass so thin as to show the same tints. Lord Brereton 
hs3 observed the colors of the thin oxidated films which the 
action of the weather produces upon g^ss ; and Dr. Hooke 
obtained films so equally thin that they exhibited over tiieir 
whole surface the same brilliant color. Such pieces of mica 
may be produced at the edges of plates quickly detached 
from a mass; but they may be more readily obtained by 

* Herachers Tre^Use on Light, $ 735. 

X Bee Edinburgh Encpil^mdioi art. Optics* Vol. XV., p. 556. 
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Btickiiig one side of a plate cf iaica to a aieoc c^ mUngi-vazi 
and teanng ft away with a iudden jerx. Some eztr^mel^ 
thin j^mi will then be left on the wax, which will exhibil 
the liveliest colors by reflected Hght If we could produce a 
film of mica with oci^ one tenth part of the thiekness of tfaat 
which produces a bri^ blue color, this film would reflect no 
. lij^t at all, and would af^ear black if viewed by reflexion against 
a black body. But though no such film has ever been obtained, 
or is likely to be obtained by any means with which we are 
acquainted, yet accident on oo& occasion produced solid fibres 
as thio, and actually incapable of reflecting light This vei^ 
remarkable &ct occurred in a prystal of quartz of a smo^ 
color, which was broken in twa The two surfiices of fracture 
were absolutdl^ black; and the blackness appeared, at first 
sight, to be owmg to a thin film of cinque matter which had 
insinuated itself into the crevice. This opinion, however, 
was untenable, as every part of the surfiice was black, and the 
two halves of the ciykals could not have stuck together had 
tift crevice extended across the whole section. Upon examin- 
ing this specimen with care, I found that the sur&ce was per- 
fectly transparent by transmitted li^ht, and that t^e blackness 
of the surfiices arose from their being entirely composed of a 
fine down of quartz, or of short and slender filaments, \yhose 
diameter was so exceedingly small that they were incapable 
of reflecting a single ray df the strongest light The diameter 
of these fibres was so small, that, fiom principles which we 
shall presently explain, they could not exceed the one third 
of the miUiontb part of an inch. This curious specimen is in 
the cabinet of her grace the duchess o^ Gordon.* I have 
another small sp<^imen in my own possession ; and I have no 
doubt that fractures of quartz and other minerals will yet be 
fouDd which sh^ exhibit a fine down of different colcnrs de- 
pending on their size. 

The colors thus produced by thinness, and hence called the 
colors of thin pUUes^ are best observed in fluid bodies of a 
viscous nature. If we' blow a soap-bubble, and cover.it with 
a clear glass to protect it fix)m currents of air, we shall ob- 
serve, aAer it has grown thin by standing a little, a great 
many concentric colored rings round the tqp of it The color 
in the centre of the rings will vary with the thickness; but 
^is the bubble grows thinner the rings will dilate, the central 
spot wiU become white, then bluish, and then black, after 
which the bubble will burst, from its exftreme thinness at the 
place of the black spoU The e&me change of color with the 

• ' ■' . " • r 

* See Ediniur^k Journal iif Scimce, No. I., p. 108. 
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thickiiess may be seen by placing a thick film of an evapora* 
ble fluid upon a clean plate of glass, and watching the effects 
of the diminution of thickness which take place in the \:x>ur9e 
of evaporation. 

The method used by Sir Isaac Newton for producing a thui 
plate of air, the colors of which he intended to investigate, is 
shown in fig, 57., where L L is a plano-convex lens, the 

Vig. 57. 




radius of whose convex snr&ce is 14 feet, and U a double 
.convex lens, whose convex surfaces have a radius of 50 feet 
each. The plane side of the lens L L was placed downwards, 
60 as to rest upon one of the surfaces of the lens I L These 
lenses obviously touch' at their middle points; and if the 
upper one is slowly pressed against the under one, there will 
be seen round the point of contact a system of circular color- 
ed rings, extending wider and wider as the pressure is in- 
creased. In order to examine these rings under different 
degrees of pressure, and when the lenses L L, Z / are at 
different distances, three clamp-screws, Pip^p, should be em- 
ployed, as shovra in' fig* 58., by turning which we may pro- 
duce a regular and equal pressure at the point of contact 

When we look at these rings through the upper lens, so a^ 
to see those formed by the light reflected fircmi the plate of air 
j^.88. between the lenses, we may observe 

seven rings, or rather seven circular 
spectra or orders of colors, as described 
by Newton in the first two columns of 
the following Table ; the colors being 
very distinct in the first three spectra, 
but growing more and more diluted in 
the others, till they almost entirely dis- 
appear in the seventh spectrum. 
When we view the plate of air by looking through the un- 
der lens 1 1 from below, we observe another' set of rings or 
spectra formed in the transmitted light Only five of these 
transmitted rings are distinctly seen, and their colors, as ob- 
served by Newton, are given in the third column of the fol- 
lowing table; but they are much more fainf than those seen 
by reflexion. By comparing the colors seen, by reflexion with 
those seen by transmission,* it will be observed that the color 
transmitted is always complementary to the one reflected, or 
which, when mixed with it, would make white light 
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TeMe rfihe €uihr9 of Thin PIoUb cf ilir, Water^ md Gla99, 



Bpertn, or Orden of 
Colofs, rwkoMd 

frnm the c«Btra. 
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Colon prodocad tt th« thleka«nM 
1b. the laet tbcae colnmnii 



RtJlMttd. 

Very black 
Black 
Beginninff 
FmsT .of black 

Spectrum I Blue 

^^^, IrWhite 
of Cobra I YeUpw • 

Oiaoge 
Red 

Violet ■ 

Indigo 

Blue 

Green 

Yellow 

Orange 

Bright red 

Scarlet 






SfeCOKD 

Spectrum 
or Older 
of Colors. 



THmi> 

Spectrum' 
or order 
of Colors. 



Trmn$miU$*. 



ThtokaeeM* in mlHIoatlu 
of n lueh. 



Air. Water 



White' 



Yellowish red 

Black 

Violet 

Blue 



POUBTH 

Spectrum 
or order 
of Colors. 



FnTH 

Spectrum 
or order' 
of Colors. 

Sixth C 
Spectrum I 
or order j 
of Colors. [^ 

Setei^ith 
Spectrum^ 
or order 
of Colors. 



Puiple 

Indigo 

Blue 

Green 

YeUow 

Red 

Blui^ red 

Bluish green 
Greeo '' 
Yellowish ) 
green \ 
Red 



WEST 

Yellow 

Red 

Violet 

Blue 



Green 

Yelfow" 
Red 

Bluish green 




mum. 




Red 



Bluifb green 



27 



Greenish 

blue 
Red 



\ 



Rod 




74 



201 



22? 



34i 
39| 



Greenish 

blue 
Red 



Greenish 

blue 
Ruddy 
white 



- - - - 58J 
. ... 65 



71 

77 
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The preceding cobra are those which are seen when li|4it 
is reflected and tranBinitted nearly perpendicularly ; but Sit 
Isaac Newton found that when the light was reflected and 
tnmainitted obliqael;, the rings increased in size, the same 
color requiring a greater thicEness to produce it The color 
of any film, therefore, will descend to a color lower ir "" 



u ta wkiie light When we place the lenses in homoge- 
1US light, or make the different colors of the solar spectrum 
pBsa in succession over the lenses, the rings, which are always 
of the same color as the light, will be found to be largest in 
red light, and to ccotract gradually as they are seen in all the ' 
succeeding colors, till they reach their smallest eize in the 
violet lays. Upon measuring their diameteis, Newttm found 
' then to nave the following ratio in the different colors at their 
boundaries ; — , 

Since white li^bt ia composed of all the preceding colora, the 
rings seen by it will consist of all the seven differently cdoi- 
ed systems of ringa Buperposed as it were, sad forming, by 
their union, the difibrent colors in the Table. In order to 
explam this, we have constructed the annexed diagram, fig. 
69., on the, auppo^tion that each ring or spectrum has the 



same breadth in honu^neoua light which it actually has 
when it is formed between surmces nearly flat, or when 
the thickness of the plate varies with the distance from the 
point of contact.* Let ua then suppose that we form such a 

< Tbii uppciaitlDn ia atii in order lo nnii^iiy ibe diifruD. 
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system of rings with the seven cotois of the spectrum, and 
that a sector is cot oat of each systj&m, and placed, as in the 
figure, roand the same centre C. Let the angfte of the red 
sector be 50°, of the orange 30°, the yellow 40°, the inreen 
60°, the blue 60°, the indigo 40°, and the violet 80°, bemff 
360° in all, so as to complete the circle. From the centre U 
set off the first, second, and third rings in all the sectks, with 
radii corresponding to the values in the preceding small 
Table. Thus, since the proportional diameters of the ex- 
treme red and the extreme orange are 1 and 0'924| the mid- 
dle of the red will be in the midme between these numbers, 
or 0*962 ; and consequently the proportional diamet^, or the 
radius of the first red ring for the middle of the red space R, 
will be 0*962. In like manner, the radius for the orange will 
be 0*904, for the yellow 0*855, for the green 0*794, for the 
blue 0*737, for the indigo 0*696, and for the violet 0*655. Let 
the red rings be cdored red as they appear in the experiment, 
the orange rings orange, and so on, each color resembling that 
of the spectrum as nearly as possible. If we now suppose all 
these colored sectors to revolve rapidly round C as a centre, 
the effect of them all, thus mixed, should be the production or 
the colored rings as seen by white light As the diameter of 
each ring varies from the beginning of the red space to the 
end o£ it, and so on with all the colors, the portion of the 
ring in each sector should be part of a spiral, and all these 
separate parts should unite in forming a single spiral, the red 
forming die commencement, and the violet the termination of 
the spiral for each ring. 

This diagram enables us to ascertain the compointiap of any 
of the rings seen in white light Let it be requireo, for ex- 
ample, to determine the color of the ring at the distance C m 
from the centre, m being in the middle (3'the second red ring. 
Round C as & centre, and with the radius C m, describe a cir- 
cle, mnop, and it will be seen from the different colors 
through which it passes wh^t is its composition* It oasses 
nearly through the very brightest^ part of ^ second red ring, 
at m, and Su'ough a pretty bright part of the oranga It 
passes nearly through the bright part of the yellow, at n ; 
through the brightest part of the fi;reen ; through a less bright 
part of the blue ; through a dark* part of the indigo, at p ; 
and through tiie darkest part of the third violet ring. If we 
knew the exact law according to which the brightness of any 
fi*inge varied &om its darkest to its brightest pomt, it would 
thus be easy to ascertain with accuracy the number of rays 

* In tbe fifore, tlie bnglitest part i« the moit diaded. 
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()f each color which 'entered into the composition of any of 
the rings seen by white light 

In oSer to determine the thickness of the plate of air l^r. 
which each color was produced, Newton found the squares of 
the diameters of the briffhtest parts of each to be in the 
arithmetic^ progression of the odd numbers, 1, 3, 5, 7, 9, Sic^ 
4nd the squares of the diameters of the obscurest parts in the 
arithmetical progression of the even numbers, 2, 4, 6, 8, 10 ; 
tind as one of the glasses was plane, and the other spherical, 
their intervals at these rings must be in the same pro|;re86ion. 
He then measured the diameter of the fiiUi dark nng, and 
fi>\md that the thickness of the avr at the darkest part of the 
FiRfirr dark ringy made by perpendicular rays, was the ir^.W? 
part of an inch. He then multiplied this number by the pro- 
^sslon 1, 3, 5, 7, 9, &c., and 2, 4, 0^ 8, 10, and obtained the 
MLowing results : — 



TliickBMt ar the air It tb« 

TTBVJnnr 
TTftinnr 
TTwnnj" ■ 

7 

TT>.Tnnr 



Tliirkua of the air at tbe 

BIMt 0MBOf# ptft* 

a nr 1 

TTF.innr ** TO.Tnrff 

6 

8 

"m.innr 



FiBST Hing - - 

Second Ring - - 

Third Ring - - 

Fourth Ring - - 

When Newton admitted water between the lenses, he 
feund the colors to become fainter, and the rings smaller ; , 
and upon measuring the thicknesses of water at which the 
eame rings were pnxlBced, he fi>und them to be nearly as the 
index of refraction for air is to the index of refraction for 
water, that is, nearly as 1*000 to 1*836. From these data he 
was enabled to compute the three last columns of the Table 
given in page 93, Which show the thicknesses in millionth 
parts of an inch at which the ccJors are produced in plates of 
air, water, and glass. These columns are of ^tensive u^e, 
and may be reguded as presenting us with a micrometer for 
measuring minute thicknesses of transparent bodies by their 
colors, when all other methods would be inapplicable. 

We have already seen that when the thickness of the film 
of air is about Trj.lirsdth of an inch, which corresponds to the 
seventh ring, the colors cease to become visible, owing to the 
union of all the separate colors forming white light; but when 
the rings are seen in homogeneous light, they appear ia much 
greater numbers, a dark and a coloreid ring succeeding each 
other to a considerable distance from the point of contact 
In this case, however, when the rings are formed between 
object glasses, the thickness of the plate of air increases so 
rapidly that the outer rings crowd upon one another, and 
cease to become visible ^m this oause. This efiect would 
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obviously not be^ produced if th^ were foniwd by a solid film 
whose thickness varied % slow gradations. . Upon this prin- 
ciple, Mr. Talbot has pobxted out a very beautiful method of 
exhibiting these rings with plates of gla^s and other sub- 
stances even of a tangible thickness. If we blow a glass ball 
80 thin that it bursts,* and hold any of the fragments in the 
li^ht of a spirit lamp with a salted wick, or in the ligM of 
any of the monochroinatic lamps ^hich I have elsewhere de- 
scribed, all of which discharge a pure homogeneous yellow 
light, the sur&ce of these films will be seen covered with 
fringes alternately yellow and black, each fringe marking out 
by its windings, the lines of equal thickness in the glass film. 
Where the thicknees varies slowly, the f^ingeis will be broad 
and easily seen; but where the variation takes plac^ rapidly, 
the fringes are crowded together, so as to require a micro- 
scope to render them visible. If we suppose any of the films 
pf glass to be only the thousandth part of an inch thick, the 
rings which it exhibits will belong to the 89th order ; and if 
a mge rough plate of this glass could be ^t with its thick-. 
nesB desceiSing to the millionth part of an mch by slow gra-^ 
dations, the whole of those 89 rings, and probably many more, 
would be distinctly visible to the eye. In order to produce 
0uch effects, the light would require to be perfectly homoge- 
neous. ... 

The rin^ seen between the two lenses are equally visible 
whether au: or any other gas is used, and even wnen there is 
no gas at all ; fi)r the rings are visible in the exhausted Re- 
ceiver of an air-pumpi 



CHAP. xin. 

ON TW^ COLORS OF THICK PLATES. 

(76.) Tmb colors of thick plates were first observed and 
described by Sir Isaac Newton, as produced by concave glass 
mirrors. Admitting a beam of solar light, R, into a dark 
room, throvghan aperture a quarter of an inch in diameter 
formed in the window-shutter M N, he allowed it to fall upon 
a glass mirror, A B, a quarter-of an inch thicks quicksilvered 
behind, having its axis in the direction R r, and the radius of 
the curvature of both its sur&ces being eqiiol to its distance 
behind the aperture.. When a sheet of paper was plac^ on 
the window-shutter M N, with a bol^ in it to aUow the sun- 

' > ' ■ -■ — • '--■■'■ ' ...■■■■li -< , ■ . - 
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beam to pass, he obeerred the hole to he surrounded with' 
fowr or five colored rings, with sometimes traces of a sixth 




and seventh. When the paper was held at a greater or a less 
distance than the centre of its concavity, the rings became 
more dilute, and gradually vanished. The colors of the rings 
succeeded one another like those in the transmitted system in 
thin plates, as given in column dd of the Table in page 93. 
When the light R was red the rings were red, and so on with 
the other colors, the rings being largest in ted and smallest 
in iMet light Their diameters preserved the same pn^r- 
tion as those seen between the object glasses ; the squares of 
the diameters of the most luminous parts (in homogeneous 
light) being as the numbers 0, 2, 4, 6, &c., and the squares of 
the diameters of the darkest parts as the intermediate num- 
bers 1, 3, 5, 7, &c. With mirrors of greater thickness the 
rings grew less, and their diameters varied inversely as the 
square roots of tiie thickness of the mirror. When the quick- 
silver was removed, the rings became fainter ; and when the 
back sur^Lce of the mirror was covered with a mass 6f oil of 
turpentine, ihey disappeared altogether. These facts clearly 
prove that the posterior surface of the mirror concurs with the 
anterior surface in the production of the rings. 

When the mirror A B is inclined to the incident beam R r, 
the rings grow larger and larger as the inclination inci'eases, 
and so also does the white round spot ; and new rings of color 
emerge successively out of their common centre, and the 
white spot becomes a white ring accompanying them, and the 
incident and reflected beams always fall upon the opposite 
parts of this white ring, illuminating its perimeter like two 
mock suns in the opposite parts of an ins. The colors of 
these new rings were in a contrary order to those of the 
former. 

The Duke de Chaulnes observed similar rings upon the sur- 
&ce of the mirror when it was covered with gauze or muslin, 
or with a skin of dried skimmed milk; and Sir W. Herschel 
noticed analogous phenomena whei» he scattered hair-powder 
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in the air befote a concave mirror on which a beam of liglit 
was incident, and received the reflected light on a screen. 

(77.) The method which I have found to be the most sim- 
ple for ezhibitinj? these colors, is to place the eye immediately 
behind a small &tme from a minilte wick fed with oil or wax, 
so that we can examine them even at a perpendicular inci- 
dence. The colors of thick plates may be seen even with a 
common candle held be&re the eye at the distance oi 10 or 
12 feet from a common pane of crown glass in a window that 
has accumulated a little fine dust upon its surface, or that has 
on its surface a fine deposition of moisture. Under these 
circumstances they are veryhrigiit, though they may be seen 
even when the pane of glass is clean. 

The colors of thick plates may, however, be best displayed, 
and their theory best studied, hy using two plates of glass of 
equal thickness. The phenomelia thus produced, and. which 
(Hresented themselves to me in 1817, are highly beautifiil, and, 
as Mr. Herschel has shown, are admiraUy fitted fi>r illus- 
trating the laws of this class of phenomena. In order to ob- 
tain plates of exactly the same tluckness, I formed out of the 
same piece of parallel glass two plates, A B, C D, and having 
placed between them two pieces of sofi: wax, I pressed them 

to the distance of about one tenth 
of an inch finom each other; and by 
pressing above one piece of wax 
more than another, 1 was able to 
give the two plates any small incli- 
natioir I chose. Let A B, C D then 
be a section of the two plates, thus 
inclined, at right angles to the com- 
mon section of their sur&ces, and 
let R S be a ray of li^ht incident 
nearly in a vertical direction and 
proceeding from a candle, or, what 
is better, from a circular disc of 
condensed light subtending an an- 
gle of 29 at 3°. If we place the eye-fehind the plates, wheoft 
they are parallel we shall see only an image of ^e circular 
disc ; but when they are inclined, as in the fiffure, we diall 
observe in the direction V R several reflected images in a 
row besides the direct image. The first or the brightest of 
these v^Ol be seen crosBed with fifteen or sixteen beautiful 
fringes or bands of color. The three central ones consist of 
blackish or whitish stripes ; and the exterior ones of brilliant 
bands of red and green light The direction of these bands 
is always parallel to the common section of the inclined 
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phAesL These colored badds increase in breadfth hf dhninidi*^ 
ing the inclinatioa of tihe plates, and diminish by increasing 
their inclination. When the light of the luminous circular 
object fidls obliquely on the first plate, so that the plane of in- 
cidence is at right angles to the section of the plates, the 
fringes are not distinctly visible acroes any of the ima^; 
but their distinctness is a maximum when the plane of inci- 
dence is parallel to that section. The reflected images of 
cjourse become more bright, apd' the tints more vivid, as the 
angle of incidence becomes greater ; when the angle of mci- 
dence increases from 0^ to 90°, the images that have suffered 
the greatest number of reflttdoD9 are crossed by odier fringes 
inclined to them at a small angle. If we conceal the bright 
light of the first ima^ so as to perceive the image fermed by 
a second reflexion within the first plate, and if we view the 
tmaffe through a small aperture, we shall observe colored 
bands across the first image &r surpassing in precision of 
outline and richness of 'coloring any analogous phenomenon. 
When these frinfifes are again concealed, others are seen on 
the image immediately behind them, and formed by a third 
reflexion horn the interior of the first plate. 

If we bring the plate C D a little fiirther to the riffht hasd, 
and make the ray R S fiill first ifpon the plate C D, and be 
aflerwards reflected back upon the first plate A B, from both 
the surfaces of C D, the same cdored bands will be seen. 
The progress of the rays through the two plates is shown in 
the figure. 

When the two plates have the fimn of concave and convet 
lenses, and are combined, as in the double and triple achro- 
matic object glass, a series of the most splendid systems oi 
rings are developed ; and these are sometimes crossed by 
others of a dififerent kind. I have not yet had leisure to pub- 
lish an account of the numerous observations I have made on 
this curious class of phenomena. 

In viewing fUms of blown ^laas in homogeneous yellow 
light, and even in cmnmon daylight, Mr. Talbot has observed 
tbiit when two films are placed together, bright and obscure 
fringes, or eolored fringes of an irre^lar form, are produced 
between them« though eidiibited by neither of them separately. 
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CHAP. XIV. 

ON THE COLOSS df FIBBES AND GROOTED SUBFACEd. 

(78.) Wmsiv we look at a candle or any other luminous body 
through a plate of glass covered with vapor or with dust in a 
finely c|ivided state, it is surrounded with a corona or ring of 
colors, like a halo round the sun or moon. These rinjvs increase 
as tiie size of the parti(^ whieh producer them is diminished ; 
and their brilliancy and number depend on the uniform size of 
these particles. Minute fibres, such as those of silk and wooli 
produce the same series of rings^ vi^boch increase as the diameter 
of the fibres is less ; and hence Dr. Young proposed an in- 
strument called an eriometerj for measuring the diametiers of 
minute particles and fibres, by ascertaining th^ diameter of 
any one of the series of rings which they produce. For this 
purpose, he selected the limit of the first red and green ring 
as the one to be measured. The eriometer, is formed of a 
piece of card or a plate of brass, having an aperture about the 
fiftieth of an inch in diameter in the centre of a circle about 
half an inch in diameter, and perforated with about eight 
small holes. The fibres Or particles to be measured are fixed 
in a slider, and the eriometer being placed before a strong 
light, and the eye assisted by a lens applied behind the small 
hde, the rings of colors will be seen. The slider must then 
be drawn out or pushed in till the limit of the red and ^reen 
rin? coincides with the circle of perfi>rations, and the mdex 
will then show on the scale the size of the particles or fibres. 
The seed of the lv&)perdon bovigta was found by Dr. Wol- 
laston to be the 85y0dth part of an inch in diameter ; and as 
this substance gave rings which indicated S|^on the scale, it 
follows that 1 on the same scale was the 2StwQth part of an 
inch, or the 30,000dth part The following Table contains 
some of Dr. Young's measurements, in thirty-thousandths of 
an inch : — 



Milk diluted indistinct . . 3 
Dust of lycoperdon booista 3} 
Bollock^s blood . . . . 4j 
Smut of barley .... 6^ 
Blood of a mare . . . . 6^ 
Human blood diluted with 
water ....... 6 

Pus U 

Silk 12 

Beaver^s wool .... 13 
Mole's fiir . . •. . .16 



Shawl wod ...... 19 

Saxon wool 23 

Lionezawool 25 

Alpaccawool 26 

Fariua of lauregtinus . . 26 

Ryeland Merino wool . . 27 

Merino South Down . . 28 

Seed of lyeopodium ... 33 

South Down ewe .... 39 

Coarse wool 46 

Ditto fixim some worsted . 60 
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(79.) By obgerving the colors produced by reflexion firom 
the fibres which compose the ciyBtalline lenses of the eyes of 
fishes and other animals, I have been able to trace these fibres 
to their origin, and to determine the nnmber of poles or septa 
to which they are jrelated. The same mode of obeervation, 
and the measurement of the dis(tance of &e first colored 
image from the white image, has enabled me to determine the 
' diameters of &e fibres, and to prove that they all taper like 
needles, diminishing giadually m>m the equator to the polei 
of the lens, so as to allow them to pack into a spherical su- 
perficies as they converge to their poles or points of origip. 
These colored images, produced by the fibres of the lens, lie 
in a line perpendicular to the direction of the fibres, and by 
taking an impression on wax from an indurated leas the colors 
are commumcated to the wax. In several lenses I observed 
colored images at a great disbmce firom the common image, 
but lying in a direction coincident with that of the fibres; and 
from this I inferred, that the fibrdJB were crossed by joints or 
lines, whose distance was so small as the ll,000dth part of an 
inch ; and I have lately found, by the use of very powerfiil 
microscopes, that each fibre has m this case teeth like those 
of a racK, of extreme n^inuteness, the colors being, produced 
by the lines which form the sides of each tooth. 

-{80.) In the same class of phenomena we must. rank the 
principal colors of mother-of-pearl. This substance, obtained 
from the shell of the pearl oyster, has been long eipployed in 
the arts, and the fine play c^its colors is therefore weU known. 
In order to observe its colors, take a plBie of regularly formed 
mother-of-pearl, with its surfaces nearlv parallel, and grind 
these surfaces upon a hone or upon a pjate of glass with the 
powder of schistus, till the image of a candle \reflected from 
the surfiices is of a dull reddish-white color. If we now place 
the eye near the plate, and look at ^is reflected image, C,- we 
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shall see on one side of it a prismatic knage, A, glowing with 
all the colors of the rainbow, and forming indeed a i^otrum 
of the candle as distinct as if it had been formed by an equi- 
lateral prism of flint glass. The blue side of this image is 
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next the imagp C, and the distance of the red jiftrt of the 
image is in one i^>echiien 7^ 22^ ; but this aagle varies evea. 
in the same specimen. Upon first looking into the mother-d^ 
pearl, the image A may be above or below €, or <m any fflde 
of it ; but, by turning the specimen roimd, H may be brought 
either to the ^igfat or left hand of C. The distance AC is 
cnmllest when ue light of the candle falls nearly perpen- 
dicuUu* on the surface, and increases as the inclination of tiie 
incident ray is increased. In one specimen it was 2° T at 
nearly a perpendicular incidence, and 9° 14' at a very great 
obliquity. 

On the outside Of the Image A there is invariably seen a 
mass, M, of colored li^ht, whose distance M C is nearly double 
AC. These three images are always nearly in a straight 
Ime, but the angular distance of M varies with 4he angle of 
incidence according to a law different from that of A. At 
great angles of incidence the nebulous mass is of a beautiful 
crimson color ; at an angle of about 37^ it becomes gr^n ; 
and nearer the perpendiciilar it becomes yellowish- white, and 
very luminous. 

If we now polish the sur&ce of the mother-of>pearl, the 
<Mxlinary image C will become brighter «nd quite white, but a 
second prismatic tmagCy B, wiU start up on the other side of 
C, and at the same distance from it. 

This second image has in all other respects the same pro- 
perties as the first Its brightness increases with the polish 
of the sur&ce, till it is nearly equal to that of A, the lustre 
of which is slightly impaired by polishing. This second 
image is never accompanied, like the first, with a nebulous 
mass M. If we remove the polish, the image B vanishes, and 
A resumes its brilliancy. The lustre of 'the nebulous mass Af 
ie improved by poMiing.- 

If we repeat these experiments on the opposite side of the 
specimen, the very same phenomena will be observed, with 
this difl^rence only, that the images A and M are on the op- 
posite side of C. 

In^ looking through the mothet-of-pearl, when ground ex- 
tremely thin, nearly the same phenomena will be observed. 
The colors and the distances of the images are the sam6 ; but 
the nebulous mass M is never seen by transmission. When 
the second image, B, is invisible by reflexion, it is exceedingly 
bright when seen by transmission, and vice versd. 

in making these experiments, I had occasion to fix the 

mother-of-pearl to a goniometer with a cement <^ resin and 

«bees'-wax ; and upon removing it, I was surprised to see, the 

wfade 8or&ce of the wax shining with the prismatic cclUxa of 



1 



104 A TBEATI8B ON OPTICS. PART lU 

the mother-of-peftrl. I at first thought that a sma}! film of the 
Bubstance had been left upon the wax; but this was soon 
found to be a mistake, and it became manifest that the mother- 
of^pearr really impressed upon the cement its own power of 
producing the colored spectra. When the unpolished mother- 
of-pearl was impressed on the wax, the wax gave only one 
image, A ; and when the polished sur&ce was used, it gave 
both A and B : but the nebulous image M was never exhibited 
by the wax. The images seen in tne wax are always on the 
opposite side of C, from what they are in the sur&ce that is 
impressed upon it ^ 

The colors of mother-of-pearl, as communicated to a soft 
surface, may be best seen by using black wax; but Ihave 
transferred them also to balsam of Tolu, realgar, fusible 
metal, and to clean surfaces of lead and tin by hard pressure, 
or the blow of a hammer. A solution of gum arabic or of 
isinglass, when allowed to indurate upon a surface of mother- 
of-pearl, takes a most perfect impression from it, and exhibits 
all the communicable colors in the finest manner, when seen 
either by reflexion or transmi^on. By placing the isinglass 
between two finely p(dished surfiices of good specimens of 
mother-of-pearl, we* shall obtain a film, of artificial motherof- 
pearl, which when seen by single lights, such as that of a 
candle, or by an aperture in the window, will shine with the 
brightest hues. 

1^ in this experiment, we could make the grooves of the 
,one surface of mother-of-pearl exactly parallel to the grooves 
in the other, as in the shell itself, the images, A and B, formed 
by each surface, would coincide, and only two would be ob- 
served by transmission and reflexion : but, as this cannot be 
done, four images are seen through the isinglass film, and 
also four by reflexion ; the two new ones being formed by re- 
flexion firoin the second surface of the film. 

From these experiments it is obvious that the colors under 
our consideration are produced by a particular configuration 
of surface, which, like a seal, can convey ft reverse impres- 
si(Hi of itself to any substance capable of receiving it By 
examining this sur&ce with microscopes, I discovered in 
almost every specimen a grooved structure, like the delicate 
texture of the skin at the top of an in&nt's finger, or like the 
section of the annual growthB of wood, as seen upon a dressed 
plank of fir. These may sometimes be seen by the naked eye, 
but they are often so minute that 3000 of them are contained 
in an inch. The direction of the grooves ii always at right 
angles to the line M A C B, Jig. 62. ; and hence in irrepfulc^ly 
formed mother-oi^pearl, where the grooves are often circular. 
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and having eyeiy poflEofale directkut, the cdCiBd images A, B 
are irregularly Boattered round the oDDioKm image C. if the 
^froovee were,- accordingly, circular, the series of prismatic 
unages, A B, would form a priamatic rin^ round C, pK>vided 
the grooves retained the same distance. The general distance 
of the grooves is from the 200th to the 5000th of an inch, and 
the disUmce of the prismatic images &om C increases as the 
grooves beoome clo^r. tn a specimen with 2500 in an inch, 
the distance A was 8^ 41' ; and in a specimen of aboot 
eOOO it was about T^' 22^. 

These grooves are obviously the sections of all the coi^ 
oentric strata of the shelL When we use the actual sur&ce 
of any stratum, none of the colors A, B are seen, and we ob- 
serve only the mass of nebulous light M occupying the place 
of the principal image C. Hence we see the reason why the 
pearl gives mme of the images A, B, why it communicates 
none of its colors to wax, and why it Klines with that delicate 
white light which ^ves it all its value. The pearl is formed 
of concentric spherical strata, round a central nucleus, which 
Sir Everard Home conceives to be one of the ova of the fish. 
None of the ^d^ of its strata are visible, and as the strata 
have parallel somces, the mass of light M is reflected exactly 
like the image C, and occupies its place; whereas in the 
Biotfaer-of-pearl it is reflected fixim suimces of the strata, in- 
« clined to the general mxr&ce of the specimen whidi reflects 
the image C. The mixture of all these difliise masses of 
nebulous light, of a pink and ffreen hue, constitutes the beau-, 
tiful white of the peark. In bed pearls, where the colors are 
too blue or too pink, one or other of these colors has pre- 
dominated. If we make an oblique section of a peax], so bm ' 
to exhibit a sufficient number of concentric strata, with their 
edges tolerably close, we ^uld observe all the communicable 
colors of mother-of-pearL'*' 

These phenomena may be observed in many other shells 
besides that of the pearl-oyster; and in every case we may j 

distinguish communicable from incommunicable colore by } 

placing a film of fluid or cement between the surfiice and a 
plate of glass. The communicable colors wiU all disappear 
fit>ni the filling up of* the grooves, and the incommumcable 
colors will be rendered more brilliant 

(81.) Mr. Herschel has discovered in very thin plates of 
mother-of-pearl another pair of nebulous prismatic ima^es^ 
xaate distant from C than A and B, and also a pair of fiiinter 
nebulous images, the line joining which is always at right 



* See EMnHrgk Jcatmai qf Seimus, No. ZO^ pu S77. 
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tuglea to the line jaining the first pair.* These imngcs ire 
Been by looking through a thin piean of mother-oF-pear), cut 
parallei to the natural aurfiice of the ehell, and between the 
TOth and the 300dth of an inch thick. They axe much larger 
than A and B ; and Mr. Herschel found that the line joining 
them was always perpendicular to a veined structare which 
goes through its substance. The distance of the red port rJ 
Uie image from C was found to be 16° 29', and the veiiiB 
which produced these colon were so small that 3700 of tbem 
were contained in an inch. We have lepresented them m 
Jig. 68. as crosEing the ordinary eroavee which give the com- 
muuicahle colors. Mr. Herschef describes them as craving 



these grooves at all angles, "giving the whole surface much 
the appeannce of a piece of twillS sil^ or &e larger waves 
of the sea intersected with minute ripplinga." The second , 
pair of nebulous images seen by transmission must arise from 
a veined structure exactly perpendicular lo the first, though 
the structure has not yet been recognized by the microscope. 
The structure which produces the lightest pair Mr. Herschel 
has fiiund to be in all cases coincident with the plane passing 
through the centres of the two systems of pdarized rings. 

The principle of the producbon of color t^ grooved Bur^ 
feces, and of the communicability of these cofors l^ fffessure 
to various substances, has been happily applied to the arts by 
John Barton, Esq. By means of a delicate engine, operatbg 
by a screw of the most accurate workmanship, he has suc- 
ceeded in cutting grooves npon steel at the distance of IVoin 
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the 2000th to the iO,OOOth of an inch. These lines are cut 
with liie point of a diamoiid ; and such is their perfect paral- 
lelism and the uniformity of their distance, that while in 
mother-of-pearl we see only one prismatic ima^. A, on each 
side of the common ima^ C, of the candle, m the grooved 
steel snr&ces 6, 7, or 8 prismatic images are seen, consisting 
of spectra, as perfect as those product hy the ^est prisms. 
Nothing in nature or in art can surpass this brilliant display 
of cdors; auod IIlL'. Barton conceived the idea of formmg. but- 
Ums ibr gentlemen's dress, and articles of female ornament 
covered with grboves, beautifolly arranged in patterns, and 
shining in the ^ht of candles or lamps with all the hues of 
the spectrum. To these he gave the appropriate name of Iris 
ornaments. In forming the buttons, the patterns were drawn 
on steel dies, and these, when duly hardened, were used to 
stamp their impressions upon polisned button^ of brass. Li 
day4iffht the colors on these buttons are not easily distinguish- 
ed, umess when the surfiice reflects the margin of a dau ob- 
ject seen against a light one ; but in the light of the sun, and 
that of gas-flame or candles, these colors are scarcely if at all 
surpassed by the brilliant flashes of the diamond. 

The grooves thus made upon steel are, of course, all trans- 
ferable tp wax, isinglass, tin, lead, and other substances; and 
by indurating thin transparent films of isinglass between two 
of these grooved surfaces, covered with lines lying in all di- 
rections, we obtain a {^ate which produces by transmission 
the most extraordinary display of prismatic spectra that has 
ever been exhibited. 

(82.) In examining the phenomena produced by some of 
the finest specimens of Mr. Barton's skill, which he had the 
kindness to execute -for this purpose, I have been led to the 
observation of several curious properties o£ light In mother- 
of-pearl, well polishedf the central image, C, of the candle or 
luminous object is always white, as we should expect it to be, 
in consequence of jbeing reflected from the flat and polished 
surfaces between the grooves. In like manner, in many 
specimens of groov6d steel the image C is also perfectly 
white, and the spectra .on each side of it, to the amoijint of six 
or eight, are perfect prismatic images of the candle; the 
image A, which is nearest C, being the least dispersed, and 
all the rest in succession mo^ and more dispersed, as if they 
were formed by prisms of greater and greater dispersive 
powers, or greater and greater refractinof an^lea These [^>ec- 
tra contain the fixed lines and all the prismatic colors ; but the 
red or least refrangible spaces are greatly expanded, and the 



vieiet 01 moat Te&ingible spaces greilJy coiUf acted, even mcae 
than in the spectra poduced by Bulphuric acid. 

In examining some of these prismatic images which eeetned 
to be defective in particular nya, 1 was Burpriaed to find tint, 
in tke specimens which produced them, the image C reflected 
limm the polished original sur&ce of the steel was ilaelf 
■lighd; colored ; that its imt varied with the angle a£ inci* 
deuce, and had sctne relation to the defideation of color in the 
prismatic images. In order to observe these phenomena 
throngh a great range of incidence, I substituted Ra the can- 
dle a Img^narrow rectangular ^>erture, fcH'med by nearly 
closing the window-shutters, and I then saw at one view the 
Btate of the ordinary image and all the prismatic images. Id 
onier to understand thm, let AB, j^.64., be the ordiouy 

^.64. 



image of the aperture reflected ftom the flat sur&ce of the 
gte^ which hes between the grooves, and ab,a' fi', a" b", &c., 
the priamalic images on each aide of il, every one of theso 
images forming a complete spectrum with all its diflerent 
colors. The image A B was crossed in a direction perpeu' 
dicular to its length with broad ccdored ftinges, varjing m 
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their tints from dP to 90^ of incidence. In a specimen with 
1000 grooves in an inch, the following were the colors dis- 
tinctly seen at difierent angles of incidence : — 

A|ifla of iacMeiiM. 

White - ... 90° 0' 
Yellow .... 80 80 
Reddish orange - - 77 90 
Pink .... - 76 20 
Junction of pink and ) ^e mq 

blue - " - J 
Brilliant blue ^ - 74 90 
Whitish .... 71 
Yellow . ... 04.45 
Pink - - - • - 59 45 
Janctioa df pink and ) go ta 

bltte - - - S 



Kue 60° 0* 

Bluish preen • - 54 90 

Yellowish green - 59 15 

Whitish green - - 51 

Whitish yeUow ^ - 49 

Yellow ... - ^ 15 

Pinkish yeUow - - 41 \ 

Pmk red . - - - 36 1 

Whiti^pink - - 91 

Green .... 24 

YeUow - ... 10 
Reddish ... - 06 



These colors are those of the reflected rii^ in thin plates. 
If we turn the steel plate round in azimuu, the very same 
colors appear at the same angle of incidence, and they tuffer 
no change either hy varying the distance qf the steel plate 
Jrom the luminous aperture^ or the distance of the eye of the 
.observer from the grooves. 

. In the preceding table there are ibor orders of oolors; but 
in some specimens liiere are only three, in others, two, in 
others one, and in some only one or two tints of the first order 
are developed. A specimen of 500 grooves in an inch ffave 
only the yellow of the first order through the whale qua£ant 
of incidence. A specimen oi 1000 grooves gave only one 
complete order, with a portion of the next A specimen of 
3333 grooves gave; joply the yellow of the first order. A spe- 
cimen of 5000 gave a Jittle more than one order ; and a spe- 
cimen of 10,000 grooves in an inch gave also a little more 
than one order. 

^ fig' 64. we have represented the portion c^the quadrant 
of incidence &om about 22° to 76°, In the first spectrum, 
ababfVvia the violet side of it, and r r the red sule of it, 
and between these are arranged all the other cdorft. At m, 
at an incidence of 74°, the violet light is obliterated firom tJie 
spectrum a b ; and at n, at an incidence of 66°, the red rays 
are obliterated ; the intermediate colors, blue, green, &c., being 
obliterated at intermediate points between m and n. In the 
second spectrum, a' b' a' 6', the violet rays are obliterated at 
m' at an incidence of 66° 20', and the red at n' at an inci«> 
dence of 56°. In the third spectrum, a"b"a'*b'\ the vto2et 
lays are obliterated at m'^ at 57°, and the red at n" at 41^ 






110 A ansATiax on omoi. tart it. 

35*; And in the fourth spectrum, the violet tats are oblit- 
erated at m'" at 48", and the red at n'" at 23° 80". A simi- 
lu HuccessioQ of obliterated, tints tAkes place on all the pris' 
matia images at a lesser incidence, as sfaown at f r, f' *' ; the 
violet being obliterated at ^ and ^', and the red at * and i/, and 
the inarmed iste colon at intermediate pdnta. In this. 
second succeeuon the line fi v begins and ends at the mme 
angle of incidence as the line m" n" in the third prismatic 
image a" b", and the line /•' </ in the Bec<nid piisaiatic image 
corresponds with m'" n'" on the finirtb prismatic image, ba 
all these cases, the tints obliterated in the direction ■» n ^ v, 
&c., would, if reelored, form a complete prismatic cpectrum 
whose length ismn fir, Sus. 

Considering the ofJinary image aa white, a aimilar oblitera- 
tion of tints takes place uptm it The violet is obliterated At 
about 7S°, leaving pink, or what the violet wants of white 
light; and the red is obliterated at p at 74°, leaving a bright 
bme. The violet is obliterated at q and >, and the red at r 
and t, as may be inferred fVom the preceding Table of color& 
The analyEOS of these curious and apparentlj complicated 
lenomena becomes verj simple when thejr are examined by 
lomogeneous light The eflect produced on red light is re- 

1 ■_ ^^_ gg_^ where A B is the image of the narrow 

g^ aperture reflected from the original 

surtace of the steel, and (he four images 
on each side of it correspond with the 
|msmatic . images. All these nine 
unoges, however, consist of homogene- 
ous red light, which is obliterate, or 
neorljr eo, at the fifteen shaded rectan- 
gles, which are the minima of ^e new 
series of periodical colora which cram 
both the ordinary and the lateral images: 
"he centres y, r, (, n, ; Sic, of Iheae 
ctanffles correspond with the paints 
arked with the same letters m fig. 
I ; and if we had drawn the same 
figure for violet light, the centres of 
the rectangles would have been all 
higher up in the figure, and would 
have corresponded with o, q, », m, !>, 
Six. in fig. 64. The rectangles should- 
have been shaded off to represent the 
phenomena accurately, but the only 
object of the figure is to show to 
the eye the poaitkin and telations of 
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If we cover the curftce of the grooyed steel with a fluid, 
80 as to diminish the refractive ppwer of the surfiice, we de* 
velope more orders of colors on the ordinary image, and a 

fr^ter number of minima on the lateral images, higher tints 
eing produced at a given incidence. But, what is very re- 
markable, in grooved surfaces when the ordinary image is 
perfectly whit^ and when the spectra are complete without 
any obliteration of tints, the application of fluids to the 
grooved sur&ce developes colors on the ordinary idnage, and a 
corresponding obliteration of tints on the lateral images. The 
following Table contains a few of the results relative to the 
ordinary image :•— 



NnmlMr of 

vrooTM \m 

■a inch. 



312. 
3333 






Perfectly white. 



( Gemboge yellow 
{ of the list order 



MuiaaBlM wlfk taMi. 



\ 



; 1. Water* tinge of vellow. 
' 2. Alcohol, tinge or yellow. 
3. Oil of cawia, faint reddish yellow. 

1. Water, pinkish red (first order). 

2. Alcohol, reddish pink. 

3. Oil of cassia, bright blue (second 

order). 



Phenomena analogous to those above described take place * 
upon the grooved surfiices of gdd^ nlver, and caicareout 
9par; and upon the surfaces of tin, isinglags, realgar, &c., 
to which the grooves have been transferred from steel. For 
an account of the phenomena exhibited by several of these 
substances, I must refer the reader to the original memoir in 
the Philosophical Transactions fer 1829. 



CHAP. XV. 

ON Wm OF RXVLKnON AMD TRARMflBBION, AND ON THE 
.INTBRVKKSNCB OF'EIOBT. 

(83.) In. the preceding chapters we have described a very 
extensive class of phenomena, all of which seem to have t^ 
same origin. From his experiments on the colors of tibJn and 
of thick plates, Newton inferred that they were produced by 
a singular property of the particles of light, m virtue of 
which they possess, at different points of Uieir path, fits or 
dispositions to be reflected from or transmitted by transparent 
bodies. Sir Isaac does not pretend to explain the origin of 
these fitSi or the cause which produces uiem ; but we may 
ferm a tderaUe idea of them by supposing that each particfo 
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^JTriive pole, in virtue of which it wiU be refract^ if 
S l^^eSe iL nearest any lefourting. «^^,^f !^^ 
if ft^nd reflected if the repulsive pole la nwrcst that siuj 

^%e ^^eaJand diminish as the distance of ath« pde 
fi^mthr«^e of the body is increased or diminis^^ A • 
te^sci^ScXl may be iSrmed of this hypothesis, ly sup- 
Si^Tbody wWi a /harp and a blunt end P^Jf^^^J^S^S 
S^iid^cceBsively presenting its sharp and WuBt ends lo 
Kn^f its motion. When the sharp end encounters any 
^Sput in its way, it wiU penetiute it; but when the 
S^iteid encounters the same body, it will be reflected or 

*TreSain this more clearly, let B^fie. 66., be a ray (^ 
light fKupSTa re^ciio^s^^e U% -^^ tr«n«m|^^d 
^ «r«. l^ that surfitce. It is clear that It must 

have met the surfitcc M N wheu it wa3 
nearCT its fit of transmission than its fit ot 
refleximi ; but whether it was exactly At its 
fit of transmission) or a little from it, it w 
mU by the action of the suififcce, into th« 
Ume state as if it had begun its fit ef^wifr* 

miso^on at t. Let us suppose that, after it 
has moved through a raace eqtml to t n it» 
Y J fit of xeflejdoo tiies pkcev ^e nt of trww* 
Ay mission always recommencing at 1 1', &c. 

and that of reflexion at r r', &c. ; then it is obvious, that if 
the ray meets a second transparent su^ce at '.f '^-^ Jj wUi 
S traismitted, and if it meets it at r rS &c, ^^.^^^f^"^^"^ 
The spaces f t', t' V are called the mtervals ^ the fite ^ 
transmis^on, and r r', r' r" the mterirals of the fits of re- 
flexion. Now, as the spaces «t\rr^&^. are supposed e^^^^^ 
for liffht of the same colors, it is manifest that, if M N be the 
firgt surfece of a body, the »y ^m te ttansimtted if the 
thichness of the hody is « f, tr\ &c. ; that is, e t\ 2tt\J 1 1 , 
4 1 f* or atiy multiple whatever of the interval of a fit of ea«y 
t^nsmissifM. In like mariner the ray will be reflected if th« 
thickness of the body is t r, tr' ; or, since 1 1[ is equal to rr\ 
tf the thickness of the body is \ U\ \\ tV.^t t\ 7^ tt\ 
If the body M N, therefore, had parallel surfaces, and if the 
eye were placed above it so as to receive the rays reflected 
lir^endicularly, it would, in evary case, see tiie surface M N 
hy toe portion of light unifonnly reflected ftom that surface j 
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bat whm the thicknen of tlie body waa ( (', 2 1 1', 3 ( r, 4 f (', 

nr 1000 t (', the eye would receive no rays from the second 
surface, because v\ej ore all Inimnitted; and io like manaer, 
if tjie IhicknesB whs ^ t C. IJ ( i', '2i I (', or 1000^ I f, the eya 
would receive all Ae light reflected from the secwid eur&ce, 
because it ia all reflected. When this reflected light meets 
the first sur&ce M N, oa its way tothe eyei it is all Iraus- 
mitted, because it is theu in its fit of transmissbD. Hence, 
in the first case, the eye receives no light from the tecond 
miThee, and in tfa« seoond case, it receives a]l the light frccn 
the tecottd sur&ce. If the. body had intermediate thickneasea 
between 1 f ' and 'H 1 1', &c., as } ( I', then a portion of the 
light would be reflected from the second surfice, increasing 
aa the thiclcnesa increased from 1 f to IJ t f', and diminishing 
again as the thickness increased from 1 J 1 1* to 2 tf. 

But let US DOW suppose that the plate wboee surface is M N 
is unequally thick, like the plate of air between the two 
lenses or a film of blown glass. Let it have its thickness 
varying like a wedge MNP,/^.67. Let ((', rr' be the in- 
tervals of the fits, and let the eye be placed above the wedge 
aa before. It is quite clear that near the point N the tight 
that falls upon the second sur&ce N P will be all transmitted, as 
it is in a fit of transminion ; but at the thickness t r the light 
R will be reflected by the second surface, because it is then 
in tta fit of reflexim. In like manner the light will be tians- 
mitted at t', again reflected at r', and again transmitted at I" ; 
so that the eye above M N will see a series of dark and 
luminous bands, the middle of the dark ones being at N, (', t" 
in the line N P, and of the luminous ones at r, K, &c. in the 
■ Fig. «r. 



Hune line. Let ns suppose that the figure is suited to red 
liomogeneous light, 1 e being the mterval of a fit for that 
, species of rays j then in violet light, V, the interval of the fit* ', 
will be less, aa Tf. If we therefore use violet light, the id- 



^^ — ■ — " 
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lerval of whose iSts is rp, a smaller series of viote^ and oft^ 
tfeure ftcmifo or fringes will be seen, whose obscurest points 
are at N, r', r", &c., and whoee brightest points are at p, 'p^ 
&c. ' In like manner, with the intermediate colors of the 
spectrum, bands <^ intermediate magnitudes will be formed, 
having their obscurest points between r' and t\ r" and t", and 
their brightest points between a and r, f* and r', &«. ; and 
when white light is used, all these differently colored bands 
will be seen forming fringes of the different <»ders of colon 
given in the Table in page 93. If M N P, in place of being 
3ie section of a prism^ were the section of one half of a 
plano-concave lens, whose centre is N, and whose concave sor^ 
face has an oblique direction somewhat like N P, the direction 
of the eolored bends' will always be perpendicular to the 
radius N M, or will be regular circles. For the same reason, 
the colored bands are circular m the concave lens of air be> 
tween the object glasses ; the same colors always appearing 
at the same thickness of the medium, or at the same distance 
ftom the centre. 

'By the same means Sir Isaac Newton explained Uie colors 
of thick plates, with this difference, that the fringes are not 
in that case produced by the light regularly refracted and re- 
flected at the two surfaces of the concave mirror, but by the 
light irregukrly scattered by the first surface of the mirror 
in consequence of its imperfect polish ; for, as he observes, 
** there is no glass or speculum, how well soever polished, but, 
besides the Tight which it refracts and reflects regularly, 
scatters eveiy way irregularly a faint light, by means dT 
which the polished surface, when illuminated in a dark room 
by a beam of the sun^s light, may be easily seen in all posi- 
tions of the eye." 

The same theory of fits a^rds a ready explanation of the 
phenomena of double and equally thick plates, which we have 
described in another chapter. There are other phenomena 
of colors, however, to which it is not equally applicable ; and 
it has accordingly been, in a great measure, superseded by 
the doctrine of^ interference, which we shall now proceed 
to explain. 

(83.) In examining the black anid white stripes within the 
shsulows of bodies as formed by inflexion, Dr. Young found 
that when he placed an opaque screen either a few inches be- 
fore or a few inches behind one side of the inflecting body, B, 
Jiff, 56., so as to intercept all the light on that side by receiv- 
ing the edge of the shadov^ on the screen, then all the fringes 
in the shadow constantly disappeared, although the light still 
passed by the other edge of the body as before. Hence he 
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concluded that the li|^ht which ppased oa both sides was ne^ 
cessary to the production (rf* the fringes ; a conclusion which 
he might have deduced also from the known fact, that when 
the h«iy was above a certain size, fringes never appeared in 
its shadow. In reascmtog upon this conclusion, Dr. Young 
was led to the pinion, that the fringes within the shadow 
were produced bt^ the mierference of the rays bent inlo the 
shadow. by one nde of the body 1i tttth the rays bent into the 
ehadow by the other tide. 

In order to explain the kno of interference indicated in this 
experiment, let us su^iose two pencils of li^t to radiate ihmi 
two points very close to each other, and that this lisht fidls 
upon the same spot of a piece of paper held parallel to the 
line joining the points, eo that the spot is directly opposite the 
point which bisects the distance between the two radiant 
points. In this case they may be said to interfere with one 
another ; because the pencils would cross one another at that 
spot if the paper were removed, and would diverge from one 
another. The spot will, therefore, be illuminatra with the 
sum of their lights ; and in this case the length of the paths 
of the two pencils of light is exactly the same, the spot oa 
the paper being equally distant from both the radiant points. 
Now, it has been found that when there is a certain minute 
difference between the lengths of the paths of the two pencils 
of light, the spot upon the paper where-the two lights inter- 
fere IS still a bright spot illuminated by the sum ^ the two 
lights. If we call this difierence in the lengths of their paths 
df bright spots will be formed by the interference of the two 
p^ncik when the differences in the lengths of the paths Are 
d,2d^Sd,4id, &c. All this is nothings more than what is 
consistent with daily observation ; but, what is truly remark- 
able and altogether unexpected, it has been clearly demon- 
strated that if the two pencils interfere at intermediate points* 
or when the difference in the lengths of the paths of the two 
pencils is ^ d, 1^ d, 21 d, Zj d, &c. instead c^ adding to one 
another's intensity, and producing an illununation equal to the 
sum of their lights, they destroy each other, and produce a 
dark spot This curious property is analogous to the beating* 
of two musical sounds nearly in unison with each other ; the 
beats taking place when the effect of the two sounds is equal 
to the sum of their separate intensities, corresponding to the 
luminous spots or fringes where the effect of the two Tights is 
equal to the sum of their separate intensities, and the cessa- 
tion of sound between the beats when the two sounds destroy 
each other, corresponding to the dark i^pots ix fringes wh»e 
the two ligl^ts produce dukness. 
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"Bf the aid of this doctrine the |>henomena of, the infleidon 
of light, and those of thin and thick plates, may he well ex- 
plained. With regwrd to the interior fringes, or those in the 
shsulow, it is clear that as the middle of the shadow lb equally 
distant from the edges of the inflecting hody B, fiff. 56., there 
will be no difference in the length of the paths of the pencils 
coming from each side of the body, and consequently along 
the middle of the whole length of every narrow shadow there 
should be a white stripe illuminated with the sum of the two^ 
inflected pencils ; but at a point at such a distance from the 
centre of the stuidow that the difference of the two^xLths of 
the pencil from each side of the body is equal to ^ i2, the two 
pencils Will destroy each other, and give a dark stripe. Hence 
there will be a dark stripe on each' side of the central bright 
one. In like manner it may be shown, that at a point at such 
a distance from the centre of the shadow thsit the difference 
in the lengths of the paths is 2 (2, 3 £2, there will be bright 
stripes ; and at intermediate points, where the difference in 
the lengths of the paths is l^d, 2^d, there will be dark 
stripes.* 

In order to explain the origin of the external fringes, both 
Dr. Young and M. Fresnel ascribed them to the interference 
of the direct rays with other rays reflected from the margin 
of the inflecting body ; but M. Fresnel has found that the 
fringes exist when no such reflexion can take place ; and he 
has, besides, shown the insufiiciency of the explanation, even 
if such reflected rays did exist. He therefore ascribes the ex- 
ternal fringes to the interference of the direct rays with other 
rays which pass at a sensible distance from the inflecting body, 
and which are made to deviate from their primitive direction. 
That such rays do ^xist, he proves upon the undulatory theory, 
which we shall afterwards explain. 

The phenomena of thin plates are admirably explained by 
the doctrine of interference. The light reflected from the 
second sur&ce of the plate interferes with the light reflected 
from the first, and as these two pencils of light come from di& 
ferent points of space, they must reach the eye with diflferent 
lengths of ipoXhs, Hence they will, by their interference, form 
luminous Rinses when *'the. difference of the paths is a, 2 <2, 
3 dj &c., and doscure fringes when that difference is ^ i2, 1| <2, 
2| rf, 3i d,&Dc. 

In accounting for the colors of thick plates observed by 
Newton, the light scattered irregularly fit)m every point of 
the first surface of the concave mirror falls diverging on the 

* See Note No. Y., by Am. ed., following the author's A|^ndiz. 
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seoood suifiu^e, and'being reflected from this msx&ce in lines 
diverging from a point behind, they will suffer refraction in 
coming out of the first surface of the mirror, being made to 
diverge as if from a point still nearer the mirror, but behind 
its siir&ce. From this kst point, therefi>re, the screen M N» 
in Jig* 60., is illuminated by the rays originally scattered on 
entering the first surfiice. But when the regularly reflected 
light, aner reflexion from the second surfiice, emerges from 
the first, it will be scattered irregularly from each ytrnt on 
that stti^e, and radiating from these points will illuminate 
the paper screen M N. Evei^r point, therefore, in the paper 
screen is illuminated by two kiiuis of scattered light, the one 
radiating fix>m each point of the first surfiice, and the other 
ftook pomts behind the second surfiice ; and hence bright and 
obscure bands will be fi»rmed when the dififerences of the 
lengths of their paths are such as have been already* de» 
scribed. ' 

The colors of two equally thick and yiclined plates are also 
explicable by the law of interference. Although the light re> 
fleeted by the diflerent surfaces of the plate emerges parallel 
as shown in Jig. 61., yet in consequence of the inclination of 
the plates it reaches the eye by paths of different lengths. 

The colors of fine fibres, of minute particles, of mottled and 
striated surfikces, and of equidistant parallel lines, may be all 
referred to the interference of differe&t portions of light 
reaching the eye by paths of different lengths ; and though 
Bome difficulties still exist in the application of the doctrine to 
particukr phenomena that have not been sufficientl)r studied, 
yet l^ere can be no doubt that these difficulties will be re- 
' moved by closer investigation. 

As all the phenomena of interference are dependent upon 
the quantity a, it becomes interesting to ascertain its exact 
magnitude for the differently cdored rays, and, if possible, to 
trace its origin to some primary cause. It is obvious, as 
Fraunhofer has remarked, that this quantity d is m real abso- 
lute magnitude, and whatever meaning we may attach to it> 
it is demonstrable that one half of it, in reference to the phe- 
nomena produced by it, is exposed in its properties to the o^er 
half; so that if the anterior half oombines accurately with 
the posterior half, or interferes with it in this manner under a 
small angle, the effect which would have been produced b^ 
each sqiarateiy is destroyed, whereas the same effect . la 
doubled if two anterior or two posterior halves of this mag- 
nitude combine or interfere in a similar manner. 

(64.) In the Newtonian theory of li^t, or the theory of 
wmaaion, as it is called, in which light js sapposed to conosl 
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of material particles emitted by luminous bodies, and o^oving 
through space with a velocity of 192,000 miles in a second, 
the quantity d is double the interval of the fits of easy re- 
flexion and transmission ; while in the undulatoi^ theory it is 
equal to the breadth of an undulation or wave of light 
. In the undulatiory theory, an exceedingly thin and elastic 
medium, called ether, is supposed to fill ail space, and to oc- 
cupy the intervals between the particles of all material bodies. 
The ether must be so extremely rare as to present no u>]^re- 
ciable resistance to the planetary bodies which move freely 
through it. 

The particles of this ether are, like those of air, capable of 
being put into vibrations by the agitation of the particles of 
matter, so that waves or vibrations can be propagated throug[h 
it in all direction& Within refhicting media it is less elastic 
than in vacuo, and its elasticity is less in proportion to the re- 
fractive power of the body. 

When any vibrations or undulations are propagated thxouffh 
this ethtfr, and reach the nerves of the retma, they excite the 
sensation of light, in the same manner as the sensation of 
sound is excit^ in the nerves of the ear by the vibrations of 
the air. 

Di&rences of color are supposed to arise from dififerences 
in the frequency of the etherial undulations ; red being prc^ 
duced by a much smaller number of undulations in a given 
time than blue, and intermediate cplors by intermediate num- 
bers of undulations. 

Each of these two theories of light is beset with difficulties 
peculiar to itself; but the theory of undulations has made 
great progress in modem times, and derives such powerful 
support from an extensive class of phenomena, that it has been 
received by many of our most distinguished philosophers. 

In a work like this it would be in vain to attempt to give 
a particular account of the principles of this theory. It may 
be sufficient at present to state, that the doctrine of inter- 
ference is in complete accordance with the theory of undula- 
tion. When similar waves are combined, so that the eleva- 
tions and ^epressicMis of the one coincide with those of lii^ 
other, a wave of double magnitude will be produced ; whereas, 
when the elevaticms of the one coincide with the depressioDs 
of the other, both systems of waves will be totally destroyed. 
** The spring and neap tides,** says Dr. Young, "derived ftom 
the combination of the simple soli-lunar tides, afiford a mag- 
nificent example of the interference of two immense waves 
with each other ; the spring tide being the joint result of the 
combination when they coincide in time and place, and the 
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neap tide where they succeed each other at the distance of 
halt an interval, so as to leave the effect of their difierence 
only sensible. The tides of the port of Batsha, described and 
explained by Halley and Nevirton, exhibit a different nM)dilU;a^ 
tion of the same opposition of undulations ; the ordinary pe- 
riods of hig^ and low water beins altogether superseded on 
account of the different lengths ofthe two channels by which' 
the tides arrive, affording exactly the half interval which 
causes the disappearance d[ the alternation. It may also be 
very easily observed, by merely throwing two equal stones 
into a piece of stagnant water, that the circles of waves which 
they occasion, obliterate each other, and leave the sur&ce of 
the water smooth in certain lines df a hyperbolic form, while 
in other neighboring parts the surfi^ce euiibits the agitatioQ 
belonging toroth series united." 

The following Table given by Mr. Herschel contains the 
principal data of the undulatory theory : — 



Oolan or Of ^^Mtram. 


Leaitlw of m Da- 
dateUoa in parU 


Munber of 
CndnkttoM 




of an Inch Innir 


in ■■ Inch. 


Extreme red . 


0-0000266 


37640 


Red . . . 


0-0000256 


39180 


Intermediate . 


0-0000246 


40720 


Orange . . 


0-0000240 


41610 


Intermediate . 


0-0000235 


^510 


YeUow . . 


0-0000227 


44000 


Intermediate . 


0-0000219 


45600 


Green 


0-0000211 


47460 


Intermediate . 


0-0000203 


49320 


Blue . . . 


0-0000196 


51110 


Intermediate . 


0-0000189 


52910 


Indigo . . 


00000185 


54070 


Intermediate . 


0-000Q181 


55240 


Violet . . 


0-0000174 


57490 


Extreme violet 


0-0000167 


59750 



Maabw 9t ViidBhiliiBwIft » 

■rooad.* 



458,000000,000000 
477,000000,000000 
495,000000,000000 
506,000000,000000 
517,000000,000000 
535,000000,000000 
555,000000,000000 
577,000000,000000 
600,000000,000(100 
622,000000,000000 
644,000000,000000 
658,000000;000000 
672,000000,000000 
699,000000,000000 
727,000000^)00000 



*' From this Table," says Mr. Herschel, ** we see that the 
sensibility of the eye is confined within much narrower limits 
than that of the ear ; the ratio of the extreme vibrations being" 
nearly 1*^ : 1, and therefore less than an octave, and about 
equal to a minor sixth. That man should be able to mesBuie 
with certainty such minute portions of space and time^ is not 
a little wonderful ; for it may be observed, whatever theory 
of light we adopt, these periods and these spaces have a reil 
exiitence, being in fact deduced by Newton from direct mea- 
surements, and involving nothing hypothetical but the* names 

here given them." 

- -- - — -- -* I- 

* Taking the velocity of light at 193,000 miles per eecond. 
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CHAP. XVI. 

on THK ABSOBPTIOir OV LIORT. 

(85.) OitB of the most curious properties of libdies in their 
actioa upon light, bjqA one which we are persuaded will yet 
perform a most important part in the explanation of optical 
phenomena, and become a ready instrument in optical re- 
searches, is their power of absomng light Even the most 
transparent bodies in nature, air and water, when in sufficient 
thickness, are capable of absorbing a great quantity of li^t 
On the summit of the highest mountains, where their light 
has to pass throu^ a much less extent of air, a much greater 
number of stars is visible to the eye than in the plains below ; 
and through great depths of water objects become almost in- 
visible. The absorptive power of air is finely, displayed in 
the color of the morning and evening clouds ; and that of 
wat^ in the red color <tf the meridian sun, when seen from 
a diving-bell at a great depth in the sea. In both these cases, 
one clf^ of rays is absorbed more readily than another in 
passing through the absorbing medium, while the rest make 
their way in the one case to the clouds, and in the other to 
the eye. 

Nature presents us with bodies of all degrees of absorptive 
power, as shown in the following brief enumeration : — 



Charcoal. 

Coal of all kind& 

Metals in general 

Silver. 

Gold. 

Black h(»Tiblend& 

Black pleonaste. 



Obsidian. 

Rock crystal 

Selenite. 

GlassL 

Mica. 

Water and transparent fluida 

Air and gases. 



Although charcoal is the most absorptive of all bodies, yet, 
when it exists in a minutely divided 'state, as in some of the 
gases and flames, or in a particular state of aggregation, as in 
the diamond, it is highly transparent In &ke manner, all 
metals are transparent in a state of solution;, and even sUver 
and gold, when beaten into thin films, are translucent, the 
former transmitting a beautiful blue, and the latter a beautiful 
green light* 

•See Note No. VI. of Am. ed., in tbe notei followinf the aatlMTe 
Appendix. 
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Philoeopbera have not yet ascertained the natnie of the 
power by which bodies absorb light Some hate thought 
that the particles ^ li^ht are reflected in all directions W the 
particles ai the absorbing body* of tamed aside by the rarce9 
resident in the particles; while others are'c^ opiniui that 
they are detained by the body, and asBimikted to its sab* 
stance. If the particles of light were refttcted or merely 
turned out of their direction by the action of the naiticles, it 
seems to be quite demonstrable that a porti(Hi or the most 
opaque matter, such as charcoal, would, when esqfxised to & 
strong b«im of li^t, become actually phosphorescent during' 
its illumination, or would at least appear white ; but as all the 
liffht which enters it is never again visible, we must believe, 
ml we have evidence of the otHitrary, that the light is acta* 
ally 9topped by the particles of the body^ and remains within 
it m the fxam of imponderable matter. 

Some idea may be formed of the law according to which a 
body absorbs light, by supposing it to consist of a gives num- 
ber of equally thin plates, at t^ refracting smrfiices of whidk 
there is no light lost by reflexion. If the first plate has the 

' power of abrorbing f^^th of the light which enters it, or 100 
rays out of 1000 ; men -^ths of the original light, or 900 rays, 
will fall upon the secona plate; and ^^th of these, or 90, be- 
ing absorbed, 810 will fall upon the third plate, and so on. 
Hence it is obvious that the quantity of light transmitted by 
any number of films is equal to the ught transmitted through 
one film multiplied as often into itself as there are films 
Thus, smce 900 out of 1000 rays are transmitted by (me film 
rv^T9^Tn equal to ^^ or 729 rays, will be the qiumtity 

. transmitted by three nuns ; and therefore the quantity absorb- 
ed will be 271 rays. Of the various bodies which absorb 
light copiously, there are few that absorb all the ccdored rays 
or the spectrum in equal proportiona While certain clouds 
absorb the blue rays and transmit the red, tliere are others 
that absorb all the rays in equal proportions, and exhibit the 
sun and the moon when seen through them perfeeUy white. 
Ink diluted is a fine example of a fluid which absorbs all the 
colored rays in equal proportions; and it has on this account 
been applied by Sir William Herschel as a darkening sub- 
stance for obtaining a white image of the sun. Black pleon* 
aste and obsidian affi)rd examples of solid substances whid) 
absorb all the colors of the spectrum proportionally. 

(66.) All colored transparent bodies, however, whether 
solid or fluid, do not necesnrily absorb the colore proporti(m- 
ally ; for it is only m oonseqnence of an unequal absorptioii 
that they could appear cdored by transmitted light In order 

L 
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to exhibit this absorptive power, take a thick piece of the blue 
glass Jbhat is used for finger glasses, and which is sometimes 
met with in cylindrical rods of about -nfths of an'inch in 
diameter, and shape it into the form of a wedge. Form a 
prismatic image of the candle, or, what is bed^r, of a narrow 
rectangular aperture in the window by a prism, and examine 
this prismatic image through the wedge of colored glass. 
Throiigh the thinnest edge the spectrum will be seen nearly 
as complete as before the interposition of the wedge ; but as we 
look at it through greater and greater thicknesses, we shall 
see particular parts or colors of the spectrum become fiunter 
and fainter, and gradually disappear, while others suffer but a 
slight diminution of their brightness. When the thickness is 
about the twentieth part of an inch, the spectrum will have 
the appearance shown in Jig, 68., where the middle K of the 
red space is entirely absorbed, the inner red that is left is 
weakened in intensity ; the orange is entirely absorbed ; the 
yellow Y is left almost insulated ; the green G on the side of 
Fig. 06. ^® yellow is very much absorbed; 

' and a slight absorption takes place 

TTHH along the green and blue space. At 

■ I wm I a greater thickness still, the inner 

"B-Y G V rej diminishes rapidly, and also the 

yellow, green, and blue; till, at a certain thickness, all the 
middle colors of the spectrum are absorbed, and nothing left 
but the two extreme colors, the red R and tlie violet V, as 
shown in Jig. 69. As the red light ^ has much greater in- 
jj^ gg tensity than the violet, the glass 

has at this thickness th^ appearance 
of being a red glass ; whereas at 

, small thicknesses it had the appear- 

^ ance of being a blue glass. 
Other colored media, instead of absorbing the spectrum in 
the middle, attack it, some at one extremity, some at another, 
and others at both. Red glasses, for example, absorb the blue 
and violet with great force. A thin plate of native yellow 
orpiment absorbs the violet and refrangible blue rays very 
powerfully, and leaves the red, yellow, and green but little 
affect^. Sulphate of copper attacks both ends of the spec- 
trum at once, absorbing the red and violet rays with great 
avidity. In consequence of these diflferent pdwers of absorp- 
tion, a very remarkable phenomenon may be exhibited. If 
we look through, the blue glass so as to see the spectrum in 
Jig. 69., and then look at this spectrum again with a thin 
plate of sulphate of copper, which absorbs the extreme rays 
at R and V, the two substances thus combined ^ill be ab»> 




,CKAP. XVI. ABSOltPTIOl? OF LIGHT. 12d 

lately qnqae, and not a ray of li^ht will reach the eye. The 
e^ct is perhaps more striking if we look at a brigiit white 
object thi^gh the two media together. 

(87.) In attempting to ascertain the inflnence of heat on 
the absorlnng power of cdored media, I was surprised to ob- 
serve that it produced o^^xsite effects upon diffisreni glasses, 
dimmMinff the absorbing power in some and inereannff H 
in others. Having brought to a red heat a piece of porple 
^ass, that absorb^ the greater part of the green, the yellow, 
and the interior or most refiangible red, I held it biefive a 
strong light; and when its red heat had disappeared, I ob- 
serve tluLt the transparency of the glass was increased, and 
tfiat it transmitted freely the green, the yellow, and the 
interior red, all of which it had formerly, in a great measm^, 
absorbed. This efl^t, however, gradually diai|^»eared, and 
it recovered its fbniie^ absorbent power, when completely 
cold. 

When yellowish-green jglass was heated in a simikir man- 
ner, it lost its transparency almost entirely. In i;eoovering its 
ereen color, it passed throu^ varioos shades of olive green; 
but its tint, when cold, continued less green than it was be- 
fore the ezpenment A part of the glass had received in 
cooling a polarizing structure, and this part oouM be easQy 
distineuished fixim the other part by a di&rence of tint 

A ^ate of deep red glass, which gave a homogeneous red 
image of the candle, became very opaque when heated, and 
scarcely tzansmitted the light of the candle after its red heat 
had subsided. It recover^ however, its transparency to a 
certain degree ; but when cc^ it was more opaque than the 
piece fiom which it was broken. I have observed analogous 
phenomena in mineral bodies. Certain specimens of topaz 
have their absoihing power permanently changed by hei^ 
In subjecting the &]as ruby to high degrees of heat, I ob- 
served that Its red color changed into green, which gradually 
fiuled into brown as the cooling advanced, and resumed by 
degrees its original, red color. In like manner, M. fierzelius 
observed the spinelle to become brown by heat, then to grow 
opaque as the heat increased, and to pass through a fine olive 
green before it recovered its red color. A remarkaUe change 
of absorbent power is exhibited fay heating very considera^, 
but so as not to inflame it, a jdate <^ yellow native orpiment, 
which absorbs the violet and blue rays. The heat renders it 
almost Uood red; in consequence of its now absorbing the 
greater part of the green and yellow rays. It resume? its 
former color, however, by cooling. A still more striking 
^fect may be produced with pure phosphorus, which- is of a 
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aligiith^ yellow color, transmittiiig freely almost all the color- 
ed rays. When melted, and suddenly cooled, it acquired the 
power of absorbing all the colors of the spectrum at thick- 
nesses at which it fi>rmerly transmitted them alL llie black- 
ness produced upon pure phos^^orus was first observed by 
Thenaxd. Mr. Faraday obseHed, that glass tinged purple 
with manjgianese had its absorptive power altered by the mere 
transmissioQ through it of the solar raya 

By the method above described of absorbing particular 
colors in the spectrum, I was led to propose a new method of 
analyzing white light The experiments with the blue glass 
incontestably prove that the orange and green colors in solar 
light are compound colors, which, though they cannot be de- 
composed by the prism, may be decomposed by absorption, by 
which we may exhibit alone the red part of the orange and 
the hLue part of the green, or the yellow part of the orange 
and Uie yellow part of the green ; and, by sulxnitting the 
other colors of the spectrum to the scrutiny of absorbent 
media, I was led to the conclusions respiting the spectrum 
which are ex{dained in Chapter VII. 

We have already seen tnat in the solar spectrum, as de- 
scribed by fVaunhofer, there are dark lines, as if rays of par- 
ticular refran^ilities had been absorbed in their course from 
the sun to i& earth, llie absorption is not likely to have 
taken ^ace in our atmoi^here, otherwise the same lines 
would have been wanting m the spectra from the fixed stars, 
and the rays of sokr light reflected from die moon and planets 
would probably have been modified by their atmospherea 
But as this is not the case, it is probable that the rays which 
are wanting in the spectrum have been absorbed by the sun's 
atmosphere, as Mr. Herschel has supposed. 

(86.) Connected with the preceding phenomena is the sub- 
ject of colored flames, which, when examined by a prism, 
exhibit spectra deficient in particular rays, and resembling 
the solar iq[>ectrum examined by colored glasses. Pure hy- 
drogen fpua bums with a hlue flame, in which many of the 
rays of Lght are wanting. The flame f^ an oil lamp contains 
jaiet of me rays which are wantinfir in sun-li^t Alcohol 
mixed with water, when heated and burned, t^rds a flame 
with no other rays but yellow. Almost all salts communi- 
cate to flames a peculiar color, as may be seen by introducing 
the powder of these salts into the exterior flame of a candle, 
or into the wick of a spirit lamp. The following results, ob- 
tained by different authcHrs, have been given by Mr. Hev- 
flchel: — 
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' Salts of sodot ...... Hom()|eneoiu yellow. 

■ potafth, ...... Pale violet 

■ lime, Brick red. 

■ strontia, • . . . . Bright crimsoD. 
lithia, Red. 

■■ ■ baryta, Pale apple green. 

— — copper, Bluish green. , 

According to Mr. Herschel the muriates succeed best on 
accoont ai their volatility. 



CHAP, xva 

ON TAB DOUBLB REFRACTION OF UOBT. 

(B9.) In the preceding chapters of this work it has always 
been supposed, when treating of the rrfractum of light, either 
through surfaces, lenses, or prisms, that the transparent or re- 
fracting body had the same structure, the same temperature, 
and the Ame density in every part c£ it, and in every direc- 
tion in which the ray could enter it Transparent bodies of 
this kind are gases, fluids, solid bodies, such as different kinds 
of glajss, formed by fusion, and slowly and equally cooled, and 
a numerous class of crystallized bodies, the form of whose 
primitive crystal is the cube^ the regular octohedron^ and the 
rkomboidal dodecahedron. When any of these bodies have 
the same temperature and density, and are not subject to any 
pressure, a single pencil of light incident upon any single sur- 
face of them, perfectly plane, will be refracted into a single 
pencil according to the law of the ones explained in Chap- 
ter IIL 

In almost all other bodies, including salts and crystallized 
minerals not having the primitive forms above mentioned; 
animal bodies, such sji hair, hufn, shells, bones, lenses of ani- 
mals and elastic integuments ; vegetable bodies, such as cer- 
tain leaves, stalks, and seeds ; and artificial bodies, such as 
resins, gums, jellies, glasses quickly and unequally cooled, and 
solid bodies having unequal density either from unequal tem- 
perature or unequal pressure; — in all such bodies a single 
pencil of light incident upon their sur&ces will be refracted 
into two different pencils^ more or less inclined to one another, 
according to the nature aiid ^te of the body, and according 
to the direction in which the pencil is incident The separa- 
ti(Hi of the two pencils is sometimes very ^freat, and in most 
cates easily observed and measured ; but m other cases it la 
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not visible, and its existence is inferred only irom certain 
effects which coald not arise except from two refracted pen- 
cils. The refraction of the two pencils is called double re- 
fraction, and the bodies which produce it are called doMy 
reftactmg bodies or crystals. 

As the j^enomena of double redaction were first discovered 
in a transparent mineral substance called Iceland tpar^ calco' 
reouB spar, cm: carboruUe qf Itine, and as this substance is ad- 
mirably fitted for exhibiting them) we shall be^n by explain- 
ing the law dt double remiction as it exists m this mineraL 
Iceland spar is composed of 66 parts of lime, and 44 of car- 
bonic acid. It is found in almost all countries, in crystals c/P 
various shapes, and often in huge masses ; but, whether fiwind 
in crystals or in masses,, we can always cleave it or split it 
into shapes like that represented in Jig. 70., which is called a 

rhomb of Iceland spar, a solid bounded by 
six equal and similar rhomboidal surfiices, 
whose sides are parallel, and whose an^es 
B A C, A C D are 101° 55' and 78® 5'. The 
inclination of any face A B C D to any of 
the adjacent faces that meet at A is 105° 5', 
and to any of the adjacent faces that meet 
at X 74° 55'. The line A X, called the 
axis qfthe rhtmib or of the crystal, is equally inclined to each 
of the six fiices at an angle of 45° 23'. The angle between 
any of the three edges, BA, CA, EA, that meet at A, or of 
the three that meet at X, and the axis A X is 66° 44' 46", and 
the angle between any of the six edges and the fiices is 118° 
15' 14" and 66° 44' 46". 

(90.) Iceland spar is very transparent, and generally color- 
less. Its natural faces, when it is split, are commonly even 
and perfectly polished ; but when they are not so, we n^y, by 
a new cleavage, replace the imperfect face by a better one, or 
we may grind and polish any imperfect fiice. 

Havm^ procured a rhomb of Iceland spar like that in the 
figure, with smooth and well polished &ces, and so large that 
one of the edges A B is at least an inch long, place one <^ 
its faces upon a sheet of paper, havmg a black line MN 
drawn upon it, as shown in fig, 71. If we then look through 
the upper surface of the rhomb with the eye about R, we 
shall probably see the line M N double ; but if it is not, 
it will become' double by turning the crystal a little round. 
Two lines^ M N, m n, will then ^ distinctly visible ; and 
upon turning the crystal round, preserving the same side 
always upon the paper, the two lines will coincide with one 
another, and appear to fenn one at two opposite points dunng 
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a whole revoItttioD of the crygtal ; and at two other qyfnnte 
poi9t8» nearly at right angles to the former, the lines will he 
at their greatest distance. If we place a bUick spot at O, or 
a luminous iq)erture,' such as a pin-hole in a wafer, with light 
paaaing through the holet the spot or aperture will appear 




double, as at O and £ ; and by turning the crystal round as 
before, the two images will be seen separate in all positions ; 
the one, £» revolving, as it were, round the other, O. 

Let a ray or pencil of light, R r, fidl upon the surfiure of 
the rhomb at r, it will be refracted by the action of the sur- 
fibce into two pencils, r O, r E, each of which, being again 
refiracted at the second sur&ce at the points O, £, wul move 
in the directions O o, £ e, -parallel to cxie another and to the 
incident ray R r. The ray R r has therefore be^ doubly rs- 
fracted by the rhomb. 

If we now examine and measure the angle, of refraction of 
the ray r O corresponding to different angks of incidence, we 
(diall find that, at 0^ of incidence, or a perpendicular inci« 
dence, it suffers no refraction, but moves straight through the 
crysbfl in one unbroken line ; that at all other anglra of inci- 
dence the sine of the angle of refraction is to that of inci« 
dence as 1 to 1*054 ; and that the refracted rav is alwa^ in 
the same plane as tiiat of the incident ray. tience it is (^ 
vious that the ray r O is refracted according to tbe ordinary 
law of refraetum^ which we have already explained. If we 
now examine in the same way the ray r £, we shall find that, 
at a per|>endicular incidence, or one of 0^, the angle of r^ 
fraction, in place of being 0^, is actually 6^ 12' ; that at other 
incidences Uie angle of refraction is not such as to foUow the 
constant ratio of the sines ; and, what is still more extraordi- 
nary, that the refracted ray r E is bent to one side, and liee 
entirely oat of the plane of incidence. Hence it follows that 
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the pencil r £ is refracted according to some new and extra- 
ordinaiy law of refraction. The ray r O is therefore called 
the ordinary ray, and r E the extraordinary ray* 
» If we cause the ray R r to be incident m various different 
directions, either on the natural faces of the rhomb or on 
faces cut and polished artificially, we shall find that in Iceland 
spar there is one direction, namely, A X, along which, if the 
refracted pencil passes, it is not refracted into two pencils, or 
does not sufier double refraction. In other crystals there are 
two such directjons, forming an angle with each other. In the 
former case the crystal is said to have one Xxie of double re- 
fraction, and in the latter case two axbs of double refraction. 
These lines are called axes of double refraction, because the 
phenomena are related to these lines. In some bodies there 
are certain planes, along which, if the refracted ray passes, it 
experiences no double refraction. 

An axis of double refraction, however, is not, like the axis 
of the earth, a fixed line within the rhomb or crystal. It is 
only a fixed direction : for if we divide, as we can do, the 
rhomb A fi C, fig, 70., into two or more rhombs, each of these 
separate rhombs will have their axes of double refraction; but 
when these rhombs are again put together, their axes will be 
all parallel to A X. Every line, therefore, within the rhomb 
parallel to A X, is an axis of double refraction ; but as these 
lines have all one and the same direction in space, the crystal 
is stOl said to have only one axis of double refraction. 

In making experiments with different crjrstals, it is found 
that in some the extraordinary ray is refracted towards the 
axis A X, while in others it is refracted from the axis A X 
In the first case the axis is called a positive axis of double 
refraction, and m the second case a negative axis if douJble 
refraction, 

9 

On Crystals itith one Axis of Double Refraction. 

(91.) In examining the phenomena of double refraction in 
a great number of crystallized bodies, I found that all those 
crystals whose primitive or simplest form had only one axis 
of figure, or one pre-eminent line round which the figure was 
svmmetrical, had also one axis of double refraction ; and that 
their axis (^ figure was also the axis of double refraction. The 
primitive forms which possess this property are as follows : — 

The rhomb with an obtuse summit 
The rhomb with an acute summit 
The regular hexahedral prism. 
The octohedron with a square base. 
The right prism with a square base. 
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(JXL) The following Table contains the t^T^taJs which have 
one axis of double re&action, arranged under their respective 
primitive forms, the si^ + being prefixed to those that have 
fNm/tve doable re&action, and — to those that have negaine 
double rc^&actioiL 
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L Rkomk with o6tiwe summit^ fig. 72. 



— Carbonate of lime (Iceland 
spar. 

— Carbonate of lime and iron. 

— Carbonate of lime and mag- 
nesia. 

— ^Pho8phato«rseiuate of lead. 

^^rbcmate of zinc 

— ^Nitrate of soda. 



— ^Phosphate of lead. 
— ^Ruby silver. 
— Levyne. 
— ^Tourmaline. 
— ^Rubellite. 
— ^Alum stone. 
— Dioptase. 
—Quartz. 



2. Rhomb wUh acute summit^ fig, 73. 



— Corundum. 
^-Sapphire. 
— RAy. 



— Cinnabar. 

— ^Arseniate of copper. 



3. Regular Hexahedral Prisma fig. 74 



— -flmerald* 
— BeryL 



— ^Nepheline. 

— ^Arseniate of .lead. 



—HioiEqphate of lime (apatite). + Hydrate of magnesia. 
4 Odohedron toiA a 9quare baaet fig. 75.. 



•-{-ZnrooiL 

-f Oxide of tin. 

-f Tungstate of lime. 

— MelSte. 



— ^Mdybdate of lead. 
— ^Octohedrite. 
— ^Prussikte of potash. 
— Cyanide of merciny* 




& Right Ptitm with a tquare batt, fig. 76- 

— Sulphate of aickd and eop- 



— Wcmerite. 
— Paranthine. 
— HekHiite. 
— StHiiervillite. 



per. 
— Hydrate of atrontia. 
+ Apophyllite of utoe. 
-fOxahverite. 

-f Supetacetate of copper and 
— Araeniate, of potash. lime. 

— Snb-phoephate of potaili. -|-Titanit«. 
—Phosphate of ammonm. and -flee (certftin cryatals). 
migneaia. 

In all the preceding crystalB, and in the primitive fimna to 
which the^ belong, the line A X is the axis of li^re and of 
double redaction, or the only direction along which there is 
no double refraction. 

On the Laui of DmAk Reaction in CrytUU with'one 

Negative Axit. r 

(B3.) to order fb pve ■ ftmiliar explanation of the law of 

*V' ■"■ double refraction, let us suppose 

that a rbomb of Iceland a^ ia 

;. turned in a lathe to the form of 

a ^ere, as shown in fig. 77., 

AX being the axis of both the 

riiomb and the sphere, 

If we no w make a ray pass along 

the axia A X, after grmding or 

poliriiine a snnll flat surftce at 

A and X, perpendicular to A X, we shall Snd that there is no 

double refraction ; the ordinarj and extraordinujr ray fiinning 

a single ray. Hence, 

The index of refraction along ) 1-654 for ordinary ray. 
the axis A X will be - } 1-654 fbr extiaordinaj'j ray. 

0-000 difference. 
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If we do the same at any point, a, about 45^ from the asds, 
we shall have 

The index of refraction along the line ^ 1*654 for ordmaiy fay. 
RabO, which is nearly perpen- > 1*572 ^r eztraorainaiy 
dicttlar to the &ce of the rhomb, 3 ray. 

0.062 difference. 

If we do the same at any point of the equator G D, in- 
clined '90° to the axis, we shall have 
The index of refraction per- > 1*654 for ordinary ray. 
pendicular to the axis, ^ 1.483 for extraorainary ray. 

0*171 difference. 

^ Hence it follows that the index of extraordinary refraction 
decreases from the axis A X to the equator C D, or to a line 
perpendicular to the axis, where it is the least. The 
index of extraordinary refraction is the same at all equal 
angles with the axis A X ; and hence, in every part of a cir- 
cle described on the sur&ce of the sphere round the jx>le A or 
X, the index of extraordinary refraction has the same value, 
and consequently the double refraction or separation of the 
rays will be the sam^ In crystals, therefore, with one axis 
of double refraction, the lines of equal double refraction are 
circles parallel to the equator or circle of greatest double 
refraction. 

The celebrated Huygens, to whom we owe the discovery 
of the law of double refraction in crystals with one axis, has 
given the following method of determining the index of ex- 
traordinary refraction at any point of the sphere, when the 
ray of light is incident in a plane passing through the axis of 
the crystal A X: — 

Let it be required, for example, to determine the index of 
refraction for the extraordinary ray R a 6, fig, 77., A X being 
the axis, and CD the equator of the crystal; the ordinary 
index of refraction being known, and also the^ least extra- 
ordinary index of refraction, or that which takes place in the 
equator. In calcareous spar these numbers are 1*654 ani 
1.483. From O set off in the lines O C, QD continued, O c, 
Od, BO that OCorOpis toOcorOi^as j,^^ is to y.^'^, 
or as *604 is to *674; and through the points A, c, X, d, draw 
an ellipse, whose greater axis is c <2, and whose lesser axis is 
AX. The radms O a of the ellipse will be what is called 
the reciprocal of the index of refraction at a ; and as we can 
find O a, either by projecting the ellipse on a large scale,^Qr 
by calculation, l¥e have only to divide 1 by O a to have that 
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index. In the pneflent caae O a is *696, and .^ is^ equal to 
1*57^ the index required. 

Aa the index of extraordinary refraction thus found always 
diminishes from the pole A to the equator C D, and is always 
equal to the index of ordinary refractton minus another 
quantity depending on the difference between the radii of the 
circle and those of the ellipse, the crystals in which this 
takes place may be properly said to have negative double 
refraction. 

In order to determine the direction of the extraordinary 
refracted ray, when the plane of incidence is oblique to a 
plane passing through the axis, the process, either by projec- 
tion or calculation,' is too troublesome to be given in an ele- 
mentary work. 

In eveiy case the force which produces the douUe refhus- 
tion exerts itself as if it proceeded from the axis. 

Every plane passing through tiie axis is called a ptincipai 
section of the crystal 

On the Law qf Double Reaction in Crystals with one 

Positive Axis, 

(94.) Amonff the crystals best fitted for exhibiting the 

phenomena of positive double refraction is rock crystal or 

quartZy a mineral which is generally found in six-sided. 

Fig, 78. pf istDSf like ^. 78., terminated with six-sided pyra* 

A mids, £, F« 

If we now grmd down the summits A and X, 
and replace them by faces well polished, and per> 
pendicular to the axis A X ; and if we transmit a 
ray through these faces, so that it may pass along 
\^-^ the axis A X, we shall find that there is no double 
V"^ refraction, and that the index c^ refraction is as 
^ follows: — 

Index <^ refraction along ) 1-5484 for ordinary ray. 
the axis AX - - ) 1-5484 for extracndinary ray 

O-OOOO difference. 

If we now transmit the ray perpendicularly through the 
parallel fiices E F, which are inclined 88^ 20' to the axis A X, 
the plane of its incidence passing through A X, we shall 
obtoin the following results : — 



^ 



Index rf refraclion perpett. 1 j.g4g^ ^^ ordinarv rav 
dicular to the feces of ^ ^.^^ ^^ «traordiiiaiy 
the pyramid - - • ) 



ray. 



(HX)60 difference. 
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la like toanner, it will be fotmd that when the ray paases 
perpendicularly through the faces CI)^ perpen^ular tolhe 
axis A X, the index of extraordinary refractioii is the 
greatest, viz. 



irprismCD - .J 1-5582 for extraordinary 



ray. 



0<)096 difference. 




Hence it appears that in qwxriz the index of extraordinary 
refraction irwreases from the pole A to the equator C D^ 
whereas it diminished in calcareous spar, and the extraordi«> 
nary ra^ appears to be draum to the axis. 

hk this case the variation of the index of extraordinary 
refraction will be represented by an ellipse, Ac Xd, whose 

greater axis coincides with the axis 
A X of dotible refraction, as in Jig. 
79., and OG will be to Ocasy^^ 
is to y.^^, or as -6458 is* to -6418. 
By determining, therefore, the radius 
Oa of the ellipse for any ray R ft a, 
and dividing 1 by it, we shall have 
the index of extraordinary refraction 
fbr that ray. 

As the index of extraordinary refraction is always e<iual to 
the index of ordinary refraction, plus another quantity de> 
pending on the difference between the radii of the circle and 
the ellipse, the crystals in which this takes place may properly 
be said to have positive double refractioiL 

On Crystals wiUi two Axes of Double Hefraetwn, 

(05.) The great variety of crystals, whether they are 
mineral bodies or chemical substances, have two axes of 
doable refracticai« or two directions inclined to each other 
along which the double refraction is nothing. This prqierty 
of possessing two axes of double refraction I discovered in 
1815, and I found that it belonged to all the crystals which 
are included in the prismatic system of Molis, or whose 
primitive forms are, 

^ right prism, base a rectangle. 

base a rhomb. 

base an oblique penliekigraqi. 

Oblique prismi base a rectangle. 

' base a rhomb. 

■ base an oblique pAralldogram. 

Oclohedron, base a rectangle 
I base a rhomb. 

M 
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In all these primitive fbrfiis there is not a tingle pre-ema- 
-nent line or axis about which the figure is symmetrical. 

The following isa list of some of the most important cry^ 
tals, with their primitive forms according to Ha&y, and the 
inclination of the two lines or axes along which there is no 
double refraction : — 

Glauberite - - - 2° or 3^^ Obliqoe prism, base a rhomb. 

Nitrate of potash - 5° 20' Octohedron, base a rectangle, 

Arragonite - - - 18 18 Octohedron, base a rectangle. 

Sulphate of baryta - 37 42 Right prism, base a rectangle. 

Mica ----- 45 Right prism, base a rectangle. 

Sulphate of Ume -60 j »^^^;^ - <*«^- 

Topaz - ... * 65 Octohedron, base a rectangle. 
Carbonate of potash 80 30 Prismatic system of Mobs. 
Sulphate of iron - 90 Oblique prism, base a riiomb. 

In crystals with one axis of double refi-action, the axis has 
the same 4>06ition whatever lie the color of the pencil of light 
which is used ; but in crystals with two axes, the axes change 
their position according to the color of the light employed, so 
that the inclination of the two axes varies with di^erently 
colored rays. This discovery we owe to Mr. Herschel, who 
found that in tartrate of potash and soda (Rochelle salts) 
the inclination of the axis fi>r violet light was about 56°, 
while in red light it was about 76°. In other crystals, such 
as nitre, the inclination of the axes for the violet rays is 
^eater than for the- red rays; but in every case the line 
joining the extremity of the axes for all the different rays is 
a straight line. i 

In examining the properties of Qlauherite, I fbund that it 
had ttDO axes for red light inclined about 5°, and only one 
axis for violet light. 

It was at first supposed that in crystals with two axes, one 
of the rays was refracted according to the ordinary law' of the 
sines, and the other by an extraordinary law ; but Mr. Fresnel 
has shown that both the rays are refracted according to laws 
of extraordinary refraction. 

On Crystals with innumerable Axes of Double Refraction, 

(96.) In the various doubly refracting bodies hitherto men- 

. tioned, the double refraction is related to one or more axes ; 

but I have fbund that in analdme there are several planes, 

along which if the refracted ray passes, it will not sui9er 

dottue refraction, however various oe the directions in which 
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itAoQCident rience we may cinsider each of theie planer 
as containing an infinite number of axes of double refraction^ 
ornther lines in which there is no double tefiraction. When 
the ray is ii^ident in any other direction, so that the refracted 
ray4s not in one of these j^es, it is divided into two rays 
by double refraction. No oAer substance has yet been found 
possessing the same property. 

Oft Bodies to which Double Refraction may be communicated 
by Heatj rapid Codings Pressure^ and Induration, 

(97.) If we take a cylinder of glass, C D, fig. 80., and 
Fig. 80. having brought it to a red heat, roll it alonjg a plate 
of metal upon its cylindrical surfiice tiU it is cold, it 
will acquire a permanent doubly refracting struc- 
ture, and it will oecome a cylinder with one positive 
^ axis of dduble refraction, A X, coinciding with the 
^ axis of the cylinder, and along which jbhere is no 

v^ double refraction. This axis differs from that in 

^2 quartz, as it is a fixed line in the cylinder, while it 
* is only a fixed direction in the quartz ; that is, any 
other line parallel to A X, Jig. 80., is not an axis of double 
refraction, but the double refraction along that line increases 
as it approaches the circumference of the cylinder. The 
double refraction is a maximum in the direction C D, being 
equal in every line perpendicular to the axis, and passing 
through it 

If, mstead of heating the glass cylinder, we had placed it 
In a vessel and surrounded it with boiling oil or boiling water, 
it would have acquired tfte very same dtmbiy refracting struc- 
ture when the heat had reachra the axis AX; but this struc- 
ture is only transient, as it disappears when the cylinder is 
unifermly heated. 

, If we had heated the cylinder uniformly in boiling oil, or at 
a fire, so as not to soften the glass, and had placed it in a cold 
fluid, it would have acquir^ a transient doubly refracting 
structure as before, when the cooling had reached the axis 
A X ; but its axis of double refraction A X will now be a 
negative one, like that of calcareous spar. , 

Analogous structures may be produced bv pressure and by 
the induration' of soft solids, such as animal jellies, isinglass, &,c. 

If the cylinder in the preceding explanation is not a circular 
one, but has its section perpendicular to tlie axis everywhere 
an ellipse in place of a. cirde, it will have two axes of double 
refraction. 

In like manner, if we use rectangular plates of glass in* 
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Stead of cylindens in the prec#!ing experiments, we eimll have 
plates with two planes oi double refraction ; a positive struc- 
ture being on one side of each plane, and a negative one on 
the other. 

If we use perfect sf^eres, there will be axes of double re- 
fraction along every diameter, and consequently an infinite 
number of them. 

The crystalline lenses of almost all animals, whether they 
are lenses, spheres, or spheroids, have one or more axes of 
double refraction. 

All these phenomena will be more fully explained when we 
treat of the colors produced by double refraction. 

On Substances ufWt Circular Double Refradtion, 

(98,) When we transmit a pencil of li^t along the -ma 
A Xt fig' 78., of a crystal of quartz, it su%rs no double re- 
fraction; but certain phenomena, which will be afterwards 
described, are seen along this axis, which induced M. Fresnel 
to examine the light which passed along the axis. He foimd 
that it possessed a new kind of double refraction, and he dii^ 
tinctly observed the refraction of the two p^icils. This kind 
of double refraction has, from its properties, been called ctr- 
cular ; and it is divided into two kinds,— jKin^ive or right- 
handed, and negative or left-handed. 

The following substances possess this remarkable prop*: 
erty:— 



Positme Substances, 
Rock crystal, certain specie 

mens. 
Camphor. 
Oil oP turpentine. 
Solution of camphor in al- 

GohoL 
Essential oil of laurel 
Vapor of turpentine. 



Negative Substances, 



Rock crystal, certain speci- 

mena. 
G>ncentrated syrup of sugar. 
Essential oil of lemon. 



In examining this class of phenmnei^ I found that Uie 
amethyst possessed in the same crystal both the positive and 
the negative circuhir double refraction. This subject will be 
more fully treated when we come to that of circular polar* 
ization,* 



* For the formule referring to certain of the articles of this and of the 
iiubBequent chapter, see (in tbe College edition,) Appendix of Am. ed.. 
t/bap. VI. 
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CHAP. xvm. 

cm THB POLARIZATION OF UOHT. 

If we transmit a beam of the sun's light throngh a circular 
aperture into a dark room, and if we reflect it from any ciyj»' 
taflized or uncrystallized body, or transmit it through a thin 
plate of either of them, it will be reflected and transmitted in 
the Yery same -manner and with the same intensity, whether 
the sur&ce of the body is held above or below the boun, or on 
the right side or left, or on any other side* ci it, provided that 
in all these cases it fidls upon the surfiuse in the same manner ; 
or, what amounts to the same thing, the beam of solar light 
has ^e same properties on all its sides ; and this is true, 
whether it is white light as directly emitted from the sun, or 
whether it is red light, or light of any other color. 

The same property belong to light emitted from a candle, 
or any burning or self-lummous l»dy,.and all such light is 
called common light A section of such a beam of light will 
be a circle, like A C B D, Jig. 81., and we shall distinguish 

lig.SL 




the sectkxn of a beam of common light by a circle with two 
diameters, A B, C D, at right angles to each other. 

If we now allow the same beam of light to fiJl upon a 
rhomb of Iceland spar, as in fi^, 71., and examine the two 
circular beams O o, £ e, forined by double refraction, we shall 
find, 

1. That the beams O o, E e, have different properties on 
different sides ; so that each of them differs, in this respect, 
from the beam of common light. 

2. That the beam O o differs from E e in nothing, excepting 
that the former has the same properties at the sides A' and B' 
that the latter has at the sides C and D', as shown in fig. 81. ; 
or, in general, that the diameters of the beam, at the extremi- 
ties of which the beam has similar properties, are at right 
angles to each other, as A' B' and C D\ n>r example. 

M2 
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These two beame, O o, £ e^^j^". 81., are therefi)re said to 
be polarized, or to be beams of polarized light, because they 
have sides or poles of different properties ; and planes {tessing 
through the hnes A B, C D, or A' B'4 C D', are said to be the 
planes of pfdarizatUm of each beam, because they have the 
same property, and one which no other plane paadng throogh 
the bcMun possessea 

Now, it is a curious fact, that if we cause the two polamed 
beam» O o, £ e tb ,be united into one, or if we produce them 
by a thin plate of Iceland spar, which is not capable of sepa- 
rating them, we obtain a beam which has exactly the same 
properties as Uie beam A B C D of common light 

Hence we infer, that a beam of common light, A B C D9 
consists of two beams of polarized li^ht, whose planes of po- 
lartzation, or whose diameters of simiktr properties, ure at 
ri^ht angles to one another. If O is laid upon £ e, it 
will produce 'a figure like A B C D, and we, therefi}re, re- 
present common light by such a figure. If we place 0> o 
above £ e, so that uie planes of polarization A' B' and C W 
coincide, then we shall have a betun of polarized light twice 
as luminous as either Oo or £e, and possessing exactly 
the 8ame~properties ; for the lines of similar property in the 
one beam coincide with the lines of similar property in the 
other. 

Hence it fellows that there are three ways of converting a 
beam of common light, A B C D, into a beton or beams of po- 
larized light ^ " 

1. We may separate the beam of common light, A B C D, 
into its two component parts, O and £ e. 
' 2. We may turn round the planes of polarization, A B» C D, 
till they coincide or are parallel to each other. Or, 

3. We may absorb or stop one of the beams, and leave the 
other, which will consequently be in a state of polarization. 

The first of these nlethods of producing polarized light is 
that in which we employ a doubly refracting crystal, which 
we shall now consider. 

On the Polarization of Light hy Dottbk Refraction, 

(99.) When a beam of light suffers double re&action by 
a negative crystal, as Iceland spar, fig, 71., where the ray 
R r is incident in the plane of the principal section, or, what 
is the same thing, in a plane passing through the axis, the two 
pencils r O, r £ are each polarized \ the plane of polarization 
c^ the ordinary ray, r O, coinciding with the princ^I section, 
and the plane oS polarization of the extnuxrdinary ray, r £, being 
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at rigbt angles to the |>rincipel sectioft. , In ^, 62., if O be 
made to denote a section of the ordinary beam r O, jig, 71., ]5, 
the diameter of which is drawn at right angles to that of O, 
will represent a section of the extracmiinsry beam r £. 



W^,9L 



Wig^fSL 







i 

If the beam of light R r is incident upon a ponlive crystal, 
like quartz^ O of &. 83., will be the symbol of the ordinary 
ray, and £ that of me extraordinary ray. 

The phenomena which arise from this opposite polarizatioD 
of the two pencils may be well seen in Iceland spar. For this 
purpose let A r X be the principal section of a rnomb of Ice- 
lana spar. Jig. 84., through the axis A X, and perpendicular 
to one of the &ces, and let A' F X' be a sunilar section of an- 
other rhomb, all the lines of the one being parallel to all the 
lines of the other. A ray of light, Rr, incident perpendicu- 
larly at r, will be divided into two pencils ; an ordinary one, 
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r D, and an extraordinary one, r C. The ordinary ray fidling 
on the second crystal at 6, again suffers ordinary refraction, 
and emerges at K an ordinary ray, O o, represented by the 
symbol O, Jig, 62. In like manner the extraordinary ray, r C, 
mling on the second crystal at F, agaki wiffm eztfaonlinary 
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refractknif and emerges at H an extraordinary ray, £ e, repre- 
sented by E, J?^. 82. These results ar^ exactly the same as u the 
two crystals had formed a single crystal by being miited at their 
surfaces C X, A' G, either by natural cohesion or by a cement 

Let the upper crystal A X now remain fixed, with the same 
ray R r falling upon it, and let the second crystal A' X' be 
turned round §0°, so that its principal section is perpendicular 
to that of the upper one, as shown in fig. 85. ; then the lay 
r D ordinarily refracted by the first rhomb will be extraordi- 
narily refracted by the second, and the ray r C extraordinarily 
refracted by the first rhomb will be ordinarily refracted by the 
second. 

The pencils or images formed from the ray R r, in the two 
positions shown in figs, 84 and 85., may be thus described as 
marked in the figures : — 

O is the pencil refracted ordinarily by the first rhomb. 
£ is the pencil refracted extraordinarily by the first rhom^i 
o is the pencil refracted ordinarily by the second rhomb. 
€ is the pencil refracted extraordinarily by the second 
rhomb. 

O is the pencil refracted ordinarily by both rhombs in 
fig- 84. 

£ e is the pencil refracted extraordinarily by both rhombe 
in ^.84. 

O 6 is the pencil refracted ordinarily by the first, and ex- 
traordinarily by the second rhomb in fig, 85. 

E is the pencil refracted extraordinarily by the first, and 
ordinarUy by the second rhomb in fig, 85. 

In both tiie cases shown in figs, 84. and 85., when the 
planes of the principal sections of the two rhombs are either 
parallel, as in fig, 84., or perpendicular to each other, as in 
fig, 85., the lower rhomb is not capable of dividing Into two 
any of the pencils which fidl upon it ; but in every other po- 
sition between the parallelism and the perpendicularity of the 
principal sections, each of the pencils formed by the first 
rhomb will be divided into two by the second. 

In order to explain the appearances in all intermediate po- 
sitions, let us suppose that the ray R r proceeds from a round 
aperture, like one of the circles ^at A, fig, 86., and that the 
eye is placed behind the two rhombs at H l^fig. 84., so as to see 
the images of this aperture. Let the two images shown at A, fig, 
86., be the appearance of the aperture at R, seen through one of 
the rhombs by an eye placed behind C B^fif. 64, then ^ j^^. 86., 
will represent the images seen through me two rhombs in the 
position in fig, 84., their distance being doubled, from suffering 
the same quantity of double refraction twice. If we now turn 
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the second rhotnb^ or that nearest the eye, fiom left to ri^fht, 
two faint images will appear, as at C, hetween the two hr^ht 
Qoes^ which will now be 'a little fiunter. By continuing to 
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torn, the four images will he all equally luminous, as at D ; 
they will next appear as at E ; and when the second ^homb 
has moved round 90^, as in fig. 85., there will be only two 
images of equal brightoess, as at F. Continuing to turn the 
second rhomp, two nint images will appear, as at 6; by a 
fkrther rotation, they will be all equally bright, as at H : 
&rther on they will become unequal, as at I ; and at 180^ or 
revolution, when the planes of the principal section are agtiin 
parallel, and the axes A X, A' X' at right angles, nearly to 
each other, all the images will coalesce into one bright image, 
as at K, having double the bri^tness of either ti Sioee at A, 
B, or F, and £>ur times the bngfatneas of any one of the four 
at D and H. 

If we now Mow any one of the images A, B from the po- 
sition in fig. 84« where the principal sections are hnclined 0^ 
to one anouier, to the position ip jig. 85., where it disappeanr 
at F, we shall find that its brightness diminishes as the square 
of the cosine of the anpfle formed bv the principal itections^ 
while the bri||4itneaB or any image, from its appearance be- 
tween B and C, fig. 86., to its greatest brightness at F, in- 
creases as the square of the sine of the same angle. 

By comdderin^ l2ie pre^^ding phenomena it wul appear, 
that whenever &e plane of polarization of a nolarizea ray, 
whether ordinary or extraordinary, coincides witn or is parallel 
to the principal section, the ray will be refracted ordinarily; 
and whenever the plane of polarization is ^perpendicular to 
the principal section, it will be refracted extraordinarily, lii 
all intermediate positiona it will suffer both kinds of refractioii»' 
and will be doubly refracted ; the ordinary piencil bein^ the 
brightest if the plane of polarization is nearer the position of 
panJlelism than that of perpendicularity, and the extraordi- 
nary pencil the brightest if Che plane of polarization is nearer 
the ppsitioQ of perj^endicularily than that of parallelisiQ. At 
equu distances from both these positions^ the ordinary and ex- 
txioidinary unages are equally bright 
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(100.) It does not appear from the preceding experimenti 
that the<polarization of the two pencils is the eroct of any po- 
larizing force resident in the Iceland spar, or of any change 
produced upon the light. The Iceland spar has merely sepa- 
rated the common light into its two elements, .according to a 
different law, in the same manner as a prism separates all 
the seven colors of the spectrum from the compound white 
beam by its power of redacting these elementary colors in 
different de^es. The re-union of the two oppositely po- 
larized pencils produces common light, in the same manner as 
the re-union of all the seven colors produces white light 

The method oi producing polarized light by double refrac- 
tion is of all others the best, as we can procure by this means 
from a given pencil of li^ht a stronger polarized beam than in 
any other way. Throu^ a thickness of three inches of Ice- 
land spar we can obtain two separate beams of polarized light 
one third of an inch in diameter ; and each of these beuns 
contains half the light of the original beam, excepting the 
small quantity of light lost by reflexion and absorption. By 
sticking a black wafer on the spar opposite either of these 
beams, we can procure a polarized beam with its plane of po-' 
larization either in the^ principal section or at right angles to 
it In all experiments on this subject, the reader should re- 
collect that every beam of polarized light, whether it is pro- 
duced by the ordinmy or the extraordinary refraction, or by 
positive or negative crystals, has always the same properties, 
provided the plane of its polarization has the same direction. 



CHAP. XIX.*^ 

ON THE FOLAIUZATION OF LIGHT BT REFLEXION. 

(101.) In the year 1810, the celebrated French philosopher 
M. Malus, while looking through a prism of calcareous spar 
at the light of the settm^ sun reflected frcmi the windows of 
the Luxembourg palace m Paris, was led to the curious dis- 
covery, that a roam of light reflected from glass at an angle 
of 56^, or irom tstOer at an angle of 53°, possessed the very 
same properties as one of the rays formed by a rhomb of cal- 
careous spar ; that is, that it was wholly polarized, having its 
plane of polarization coincident with or parallel to the plane 

of reflexion. 

■ ■ I - - — 

* For the. fonnule relating to this chapter, see (in the College edition,) 
Appendix of ^. ed.. Chap. VI. 
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This mofit carioas and important fact, which he fiMind to be 
true when the light was reflected from all oth^r transparent 
OS opaqae bodies, excepting metals, gave birth to all those dis- 
coveries which have, in our own day^ rendered this branch of 
knowledge one of the most interesting, as well as one of the 
most peifect, of the physical sciences. 

In order to explain this and the other discoveries of Malus^ 
let C D, fig, 87., be a tube of brass or wood, having i^ one end 
of it a plate of glassy A, not quicksilvered, and capable of. 




turning round an axis, so that it may fimn difierent anffles 
with the axis of the tube. Let D G lie a similar tube a httle 
smaller than the other, and carrying a similar plate of ^lass R 
If the tube D G is pushed into U D, we may, by tummg the 
one or the other round, place the two glass plates in any po- 
sition in relation to one another. 

Let a beam of light, R r, from a candle or a hole in the 
irindow-ehutter, fall upon the ^ass plate A, at an angle of 56^ 
45' ; and let the glass be so placed that the reflected ray r t 
may pass along the axis of tiie two tubes, and fall upon the 
second plate of glass B at the pmnt «. If the ray r c fiills 
upon the second plate B at an angle of f:^ 45' also, and if the 
plane of reflexion from this plate, or the plane passing through 
9 E.and « r, is at right angles to the plane of reflexion from 
the first plate, or the plane passing through r R, r «, the ray r « 
i^iU wA vvffer reflexion nom B, or wiU be so faint as to be 
scarcely visible. The veij same thinff will happen if r « is a 
ra^ polarized by double ren-action, and having its plane of, po- 
larization in the plane passing through r R, r «. Here then 
we have a new property or test of polarized Uffht, — ^that it 
will not sufl^ reflexion mnn a plate of glass B, when mcident 
at an angle of 56^ 45', and when the pluie of incidence or re- 
flexion is at right angles to the plane ofpolarization of the 
ray. If we now torn round the lube D G wi$h the plate B^ 
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withoot moving theiube C D, the last reflected ray «E will 
become brighter ana brighter till the tube has been turned 
round 90^, when the plane of reflexion fixun B is coincident 
with or pirallel to that from A. In this position the reflected 
ray « £ is brightest By continuing to turn the tube D G, the 
ray s £ becomes fidnter and flunter, till, after beixig turned 90^ 
farther, the ray « E is faintest, or nearly vanishes, which nap- 
pens when the plane of reflexion from B is perpendicular to 
that from A. After a farther rotation of 90^, the ray s £ will 
* recover its greatest bri^tness ; and when, by a still farther 
rotation of 90°, the tubeD G and plate B are Inought back into 
their first position, the ray 8 £ will again disappear. These 
^fl^ts may be lA'ranged in a table, as follows : — 



lacUnatloa et tha jimaat of tka two Rfleziou, or Uw 
plM— »f < MartKtor MlMulht of thepllme r« B. 



■tatf> oT brighiBMi of Um 
ftanao MMBd phte B. 



iaui* or imjr • K nOoetad 



IttOO ..'... 

At angles between 90O ftnd ISQO 

180O . . 

At angles between 180O and 370O . 

8700 

At angles between 370O and 3G0O . 

aeoooroo 

At angles between QP and MK> . . 
I90O ' . . . . 



Scarcely visible 

The image grows brighterandbrigbter 

Brightest 

The image irrows fhinter and ftinter 

Scarcely risible 

The image grows brighter and Mghter 

Brightest 

The image grows fkinter and fUnter 

Scarcely visible 



If we now substitute in pla«e of the ray r s one of the po- 
larized rays or beams formed by Iceland spar, so that its plane 
of polarization is in the plane E r «, it will experience the 
veiy same changes as the ray R r does when polarized by re* 
flexion from A at an angle of 56° 45\ Hence it is manifest, 
that a ray reflected at 56° 45' from glass has all the properties 
of polarized light as produced by double refraction. 

(102.) In the preceding observations, the ray R r is sup- 
posed to be reflected only from the first surface of the glass ; 
out Malus found that the light reflected from the second sur- 
face of the glass was polarized at the same time with that re- 
flected from the first, although it obviously sufiers reflexion at 
a diflerent angle, viz. at an angle equal to the angle of refrac- 
tion at the first surface. 

The angle of 56° 45', at which light is polarized by re- 
flexion from glass, is called its maximum polarizing angle, be- 
cause the greatest quantity of light is polarized at that angle. 
When the light was reflected at angles greater or less man 
56^ 45', Malos found that a portion of it only was polarized, 
the remaining portion possessing all the, properties of common 
light The pomrized portion diminished as the angle of inci- 
dence receded on either side from 56° 45', and was nothing at 
0°, or a perpendicular incidence, and also nothing at 90S or 
the, most oblique incidence. 
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In continuing his experimenta on this eubject, MahM Ibund 
that the angle of maximum polarization varied with different 
bodies ; and, after measuring it in various substances, he con- 
cluded that it foUows neither the order of the rtfracHve 
powers nor that qfthe dispersive powers, but that it is. a prop- 
erty of bodies independent of the other modes (ff action which 
tkey exercise upon light. After he had determined the angles 
under which complete polarization takes place in difierent 
bodies, such as glass and water, he endeavored to ascertain the 
angle at which it took place at their separating sur&c^s when 
they were put in contact In this inquiry, however, he did 
not succeed; and he remarks, "that the hm according to 
which'this ket angle depends on the first two remains to be 
determined/' 

If a pencil or beam of light rejected at the maximum po- 
larizing angle from glass and other bodies were as completely 
polarized as a pencil polarized by double refraction, then thie 
two pencils would have been equally invisible when reflected 
from the second plate, B, at the azimuths 00^ and 270^ ; but 
this is not the case : the pencil polarized by double refraction 
vanishes entirely when it passes through a second rhomb, even 
if it is a beam of the sun's direct light ; whereas the pencil 
liolarized by reflexion vanishes only if its light is fiiint, and if 
^e plates A and B have a low dispersive power. When the 
sun's light is used, there is a large quantity of unpolarized 
light, and this unpdarized light is greatly increased when the 
pktes A and B have a high dispersive power. This curious 
and most important fiict was not observed by Malua 

A very pleasing and instructive variation of the general ex- 
periment shown m Jig. 87. occurred to me in examining this 
subject I( when the plates of glass A and B have the position 
shown in the figure where the luminouslkxly fi'om which the rav 
8 £ proceeds is invisible, we breathe g^ently upon the plate B, 
the ray s £ will be recovered, and me luminous body from 
which it proceeds will be instantly visible. The cause of this 
is obvious : a thin film of water is deposited upon the glass by 
breathing, and as water polarizes light at an angle of about 
53^ 11', the glass B should have been inclined at an* angle of 
53° 11' to the ray r s, in order to be incapaUe of reflecting the 
polarized ray ;* but as it is inclined 56° 45' to the incident ray 
r «, it has the power oi reflecting a portion of the ray r s. 

If the glass B is now placed at an angle of 53° 11' to the 
ray r «, it will then reflect a portion of the polarized ray rs to 

* We neglect tlie consideration of tlie eeparatinf wiriluie at tbe water 
mmt flaM, and luppoae tin glam B to be opaque. 

N 
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the eye at E ; but if we breathe upon the glass B, the re- 
flected light will disappear, because ,t)^e reflecting surface is 
now water, and is placed at an angle of 53^ 11', the polarizing 
angle for water. If therefore we place two glass plates at B,- 
the one inclined 66^ 45', and the other 53^ 11', to the beam 
r if, sufficiently large to fal) upon both, the. luminous object 
will be visible in the one but not in the other ; but if we 
breathe upon the two plates, we shall exhibit the paradox of 
reviving an invisible image, and extinguishing a visible one 
bv the same breath. This experiment will be more striking 
if the ray r « is polarized by double refraction. 

On the Law of the Polarizatum qf Light by Rejleonon. 

(103.) From a very extensive series of experiments made 
to determine the maximum polarizing angles of various bodies, 
both solid and fluid, I was led, in 1814, to the following simple 
law of the phenomena : — 

The indeT ofreJrUcdon it the tangent of the angle ofpth 
larization. 

In order to explain this law, and to show how. to find the 
polarizing angle for any body whose index of refraction is 
known, let M N be the surface of any transparent body, such 
as water. From any point, r, draw r A perpendicular to M N, 
j^. 68. fig' 68., and round r as a centre de- 

scribe a circle, M A N D. From A 
draw A F, touching the circle at A, 
and from any scale on which A r is 1 
or 10 set off A F equal to 1-336 or 
13*36, the index of refraction for water. 
From F draw F r, which will be the 
incident ray that will be polarized by 
reflexion from the water in the direc- 
tion rS. The angle ArR will be 
53° 11', or the angle of maximum polarization for water. 
This angle may be obtained more readily by looking for 1*336 
in ' the column of natural tangents in a book of logarithms, 
and there will be found opposite to it the corresponding angle 
of 53° 11'. If we calculate the angle of refraction T r D, 
corresponding to the angle of incidence A r R, or determine 
it by projection, we shall find it to be 36° 49'. 

From the preceding law we may draw the following con- 
clusions: — 

1. The maximum polarizing angle, for all substances what- 
ever, is the complement of the angle of refraction. Thus, in 
water, the complement. of 36° 49' is 53° 11', the polarizing 
angle. • , 
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2, At the polarizmjg^ ao^le, the sum of the angles of inci'* 
dence and refraction is a right angle, or 90^. Thus, in water, 
the angle of incidence is 53^ 11', and that of refraction 36^ 
'49', and their snm is 90°. 

3. When a ray of light, R r, is polarized hy reflexion, the re* 
fleeted ray, r S, forms a ri|?ht angle with the refracted ray, r T. 

When light is reflected at the second surfiice of bodies, the 
law of polarization is as follows : — 

The index qf refraction is the cotangent of the angle qf 
^polarization. 

In order to determine the angle in this case, let M N be the 
secdid sariace of any body sudi as water. From r draw r A 

perpendicular to M N, Jig. 89., and 
round r describe the circle M A N D. 
From A draw A F, touching the circle 
at A, and upon a scale in which r N is 1 
take A F equal to *7485, that is to j.jj^ 
the reciprocal of the index of refraction,* 
and from F draw Fr ; the ray Rr will lie 
polarized when reflected in the direction 
rS. The maximum polarizing angle 
A r ft will be 36° 49*, exactly equalto 
the Anfflc of refraction of the first surfiice. Hence it follows, 
^. lliat the polarizing angle at the second surfiice of bodies 
18 eq&al to the complement df the polarizing angle at the first, 
<v to the angle of refraction at the first sunace. The reascm 
is, therefore, obvious why the portions of a beam ci light re- 
flected at the first and second surfaces of a transparent parallel 
plate are simultaneously polarized. 

2. That the angle which the reflected ray r S forms with 
the refi-acted ray r T is a right angle. 

The laws of polarization now explained are applicable to 
the sep&ratinff surfiu^es of two media of different refi'actitre 
powers. If the uppermost fluid is water, and the undermost 
psaa, then the index of refraction of their separating surfiice 
IS equal to j.4^, to the greater index divided by the lesser, 
which is l*14l5. By using this index it will be fi)und that the 
polarizing angle is 48^ 47'. 

When the ray moves from the less refractive substance 
into the greater, as from water to glass, as in the preceding 
case, we must make use of the law and the method above ex- 
plained for the Jirst suriace of bodies; but when the ray 
moves from the greater refractive body into the less, as from 
oil of cassia to l^ass, we must use the law and method for the 
second surface of bodie& 

II II ■ - ^ 

. * The tftof ent of an angle to radiai 1, h the redprocal of the eouofeat. 
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If we lav a parallel stmlom of water upon glaaa whose 
index of refraction is 1-508, the ray reflected from the refract* 
ing surfaces will he polarized when the angle of incidence 
upon the first surface of the water is 90^ 

(104.) The preceding oheervations ar^ all applicaUe to 
white light, or to the most luminous rays of th6 spectrum ; 
hut, as every different color has a different index of refraction^ 
the law enables us to deteimine the an^le of poIaTization for 
every different color, as in the followmg table, where it is 
supposed that the most luminous ray of the spectrum is the 
mean one: — 



C Bed Tays 
Waibl } Mean rays 

f Violet rays 
i Red rays 
]P|ATV Glass < Mean rays 
i Violet rays 
L Red rays 
Oil 07 Cassia < Mean rays 
_ f Violet rays 



of 



Muimna 
Aagla. 



1-330 530 4' 

1-33653 11 

1-34253 19 

1-51556 34 

1-525 56 45 

1-53556 55 

1-597 57 57 

1-642 58 40 

1-687 59 21 



Diftrcace bvtmea 
the gfcataRt ud 
kMt Naiiti^ 
AaglM. 



15' 



21' 



10 24' 



The cifcumstance of the different mys of the spectrum 
being polarized at difierent angles, enables us to ex^am the 
existence of unpohrized light at the maximum polarizing 
angle, or why the ray s £, in fig. 67«, never wholiv vanisheSL 
if we were to use fed light, and set the two^tes sit angles oJT 
56^ 34', the polarizing angle ofglass for red ii^h% then the peo;- 
cil s E would vansh entirely. But when the l%ht is wkitCi and 
the angle at which the i^tes are set is 56° 45', or that which 
telongs to mean or yellow rays, then it is only the yeUaito rays 
that will vanish in the pencil « E. A small portion of red ami 
a small portion of violet will be reflected, because the glasses 
are not set at their polarizing angles; and the mixture of 
diese two colors will produce a purple color, which will be 
that of the unpolarized light which remains in the pencil s E. 
If we place the plates at the angle belonging to the red ray, 
then the red onlv will vanish, and the cokn: df tbe unpor 
larized light will be bluish green. If we place the plates at 
the angle correspdnding with the blue light, then the blue 
only wHl vanish, and the unpolarized light will be of a reddish 
cast In oU of casein, diamond, chromate of lead, realgar, 
specular iron, and other highly dispersive substances, the coloi 
OS the unpolarized light is extremely brilliant and beautiful 

Certain doubly refracting crystals, such as Iceland ^t 
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ehromate of letU^ &C.9 have different polarhdng- angles on di& 
ferent sorfaces, and in different directions <m the same sar- 
' &ce ; but there is always. one direction Where the polariza- 
tion is not affected by the doubly refracting force, or where 
the tangent of the. polarizing angle is equid to the index of 
ordinary refraction. 

On the partial Polarization of Light by Reflexion. 

(105.) It, in the apparatus in fyr, 87., we make the ray R r 
fidl upon the plate A at an angle greater or less than 66^ 45', 
then the niy s £ will not vanish entirely ; but, as a consider- 
able part of it will vanish like polarized light, Malus called it 
partially polarized light, and considered it as composed of a 
portion, of light perfectly polarized, and of another portion in 
the state of common light He found the quan^ty of polar- 
ized ligi^t to diminish as the angle of incidence receded from 
that of maximum polarization. 

M. Biot and M. Arago also maintained that partially polar- 
iled light consisted partly of polarized and partly ef common 
light ; and the latter announced that, at regular angul^ur dis- 
tances above and below the maximum polarizing angle, the 
reflected pencil contained the same proportion ^ polarized 
light In St, Gobin^s glass he found that the same proportion 
of light was polarized at an angle of incidence of 82^ 48' as 
at 24° 18' ; in water he found that the same proportion was 
pokrized at 16° 12' as at 86° 31' ; but he remarks, ^ that the 
mathematical law which connects the value of the quantity of 
polarized light with the angle of incidence and the refiractive 
power of the body has not yet been discqvered.'' 

In the investigation of this subject, I found that thoufirh 
there was only one an^le at which» light could be completely 
.polari^ by one reflexion, yet it mignt be polarized at any 
angle of incidence by a siMdent number of reflexions^ as 
shown in the fc^owing TaUe. 



BBLOW THB 


POLARIZIR* ANOLV. 


JLMOV9 THB 


POLARlZIXe AlfOLB. 


■ Ka. of 


▲■fie at which the Light 


Ho. or 


JL^Ie at which tha Lif ht 


BaflexlOM. 


tapobrind. 


■cOexioM. 


tepotarisad. 


1 


56° 45' 


1 


56° 45' 


2 


50 36 


2 


62 30 


3 


46 30 


3 


65 33 


4 


43 51 


4 


67 33 


5 


41 43 


5 


70 9 


6 


40 


6 


7 


38 33 


7 


71 5 
71 51 


• 8 


37 20 


8 
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In polttrizihg' light hy soccesBive reflexions, it is not Bece» 
sary tliat the reflexions be performed at the same angle. 
Some of them may be above and some below the polarizing 
angle, or all the reflexions may be perfiMmed at difl^rent 
angles. 

From the preceding facts it follows as a necessary conse- 
quence, that pai^ially polarized light, or light reflected at an 
an£^le difierent &om the polarizing angle, has su£fered a physi- 
calchange, which enables it to be more easily polarized b;^ a 
subsequent reflexion. The light, for example, which remams 
unpolarized after Ave reflexions at 70°, in place of being com- 
mon light, has suflered such a physical chan^ that it is capa^ 
ble of being completely polarized by onb reflexion more at 7(K>. 

This view of the subject has been rejected by M. Arago, as 
incompatible with experiments and speculations of his own ; 
andr in estimating the value of the two opinions, Mr. Herschel 
has rejected mine as the least probable. It will be seen, how- 
ever, from the following facts, that it is capable of the most 
ri^rous demonstration. 

It does not appear, from the preceding inquiries, how a beam 
of common light is converted into polarized light by reflexion. 
By a series of experiments made in 1829, 1 have been able to 
remove this difficulty. It has been lon^ known that a polar- 
ized beam of light has its plane of polarization changed by re- 
flexion from bodies. If its plane is inclined 45° to the plane 
of reflexion, its inclination will be diminished by a reflexion at 
80°, still more by one at 70°, still more by one at 60° ; and dt 
the polarizing angle the plane of the polarized ray will be in 
the plane of reflexion, the inclination commencing again at 
reflexions above the polarizing angle, and increasing till at 0°, 
or a perpendicular incidence, the inclination is again 45°.''' I 
now conceived a beam of common light, constituted as in Jig. . 
81., to be incident on a reflecting surface, so that the plane pf 
reflexion bisected the angle of 90° which the two planes of 
polarization, A 6, C D, formed with each other,' as shoWn in 
Jig. 90., Na 1., where M N is the plane of reflexion, and 
A B, C D the plaues of polarization of the beam of ^hite 
light, each inclmed 45° to M N. By a reflexion from glass, 
where the index of refraction is 1*525, at 80°. the inclination 
of ABtoMNwillbe33°13', as in No. 2:, instead of 45°; 
and in like manner the inclination of C D to M N will be 33° 
13', in place of 45° ; so that the inclination of A B to C D in 

* The rule for findinj^ the inclination is this :— Find the snm of the angle* 
of incidence and refraction, and also their difference; divide the coeine of 
the former by the cosine of the latter, and tlie quotient will be^the tangent 
of tlie inclination required. 
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I^ace of 90<> is e6<' 26% as in No. 2. At an iiH»de&ce of 65<> 
the incliaatkm df A fi to C D will be 25'' 96', afi in Na a ; 
and^at the polarizing angle of &d9 45' the planes A B, C D of 
the two beams will be parallel or coincident, as in Na 4. At 
incidences betow 56^ ^' the planes will again <^pen« and their 







inclination wHI increase till at 0^ of incidence it is 90^, as in 
Na 1., haying been 25'' 96' at an incidence i£ abodt 48° 15% 
as in Na 3., and 66'' 26' at an incidence of about 80^, as ui 
Na2. 

In the process now described, we see the manner in which 
common light, as in Na 1., is converted into polarized lights 
as in Na £> by the action of a^ reflecting sor&ce. Each of 
the two planes of its component polari^ beams is tamed 
round into a state of paralleliffln, so as to be a beam with only 
one plane of polarization, as in No. 4. ; a mode of polariza* 
tion essentially difierent in its nature from that of double re- 
fraction. The numbers in ^^.90. present us with beams of 
light in different stages qf polarization from common Ught in 
^ 1. to polarized light in Na 4. In Na 2. the beam has 
made ascertain ajqaoach to pokrizatioD, having sofiered a 
p^rsical change in the inclination ot its planes; uid in Na 9L 
it nas made a nearer approach to it Hence we discover the . 
whde mytiteTj €^ partuU polarization, and we see that par" 
tiaUy pclarized light is tight whose planes of polarization 
are indined at angles less than 909 and greater than 00, ^ 
The influence of successive reflexions is therefore obvious. A 
reflesdon at 80° will turn the phuTes, as in Jg, 90., Na 2. ; 
another reflexion at 909 will bnng them closer ; a third still 
closer ; and so on : and thoi^h thsj never can by Hob proceaf 
be Inou^t into a state of exact parallelism, as^ in Na 4« 
(whidi can only be done at the polarizing angle), yet they eaa 
be brought infinitely near it, so that the beam will appear as 
cmnpletely polarized as if it had been reflected at the polar* 
izing angle. The correctness of my fl>rmer experiments and ' 
views is, therefore, demonstrated by the prece^i^ analysis of 
common l%ht 

It is manifest from these views that partialfy polarized light 
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i/oes nut contain a smgh ray of completely polarized light ; 
and yet if we reflect it from the second plate B, in fig, 87., 
at the polarizing angle, a certain portion of it will disappear 
as if it were polarized light, a result which led to the mistake 
of Mains and others. The light which thus disappears may 
be called apparently polarized light ; and I have explained in 
another place* how we may determine its quantity at any 
angle of incidence, and for any refractive medium. *The fol- 
lowing Table contains some of the^results for glass, whose in- 
dex of refraction is 1*525. The quantity of reflected light is 
calculated by a rule given by M. Fresnel. 





Inclinatiiw of the rimuM 
or rohtritatioa, A B, 
CD, At- 90. 


aoMitltjr or KftBcfed 
Saj« ont «r lODO. 


<la«rtltT or polulMd 
Says oat of 100». 


0° 


90° O' 


43*23 


0* 


20 


80 26 


43*41 


^7*22 


40 


47 22 


49*10 


33*25 


56 45' 





79-5 


V9*5 


70 


37 41 


162*67 


129-8 


80 


66 26 


391*7 


156*6 


85 


78 24 


616*28 


123*75 


90^ 


90 


1000* 


.0* 



^ CHAP. XX. 

ON THE POLARIZATION OF LIGHT BY ORDINARY REFRACTION. 

(106.) Although it might have been presumed that the 
light refracted by bodies suffered some change, corresponding 
to that which it receives from reflexion, yet it was not untu 
1811 that it was discovered that the refracted portion of the 
beam contained a portion of polarized lfght.f 

To explain this property of light, let R r, Jig. 91., be a 
beam of light incident at a great angle, between 80^ and 90^, 
on a horizontal plate of glass, Na I. ; a portion of it will be 
reflected at its two surfaces, r and a, ana the refracted beam 
a is found to contain a small portion of polarized li?ht 

K this beam a £dls upon a second plate. No. 2., parallel 
to the first, it will sufler two reflexions; and the refracted 
pencil b will contain more polarized light than a. In like 
manner, by transmitting it through the pktes Nos. 3, 4, 5, and 

■^ I '■ " * ' ■■ ■ ■!■! ■■ III ■■ ■ »■■><■ I ■■ I ■■ ■■ ■!!■■■■ ,11, I,, ^^. I !■ ■ 1^ ■■■ I ■ „ !■ I »■ mi^ 

* See Pkit. Tramactions, 1830, p. 76., or Edinburgh Journal qf Scimue, 
New Series, No. V., p. 160. 

t ThiB discovery was made by independent observation by Malas, Blot, 
and tlie author of tbifl work. 
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6., the last refracted pencO, fg, will be fimnd to consist eiitiiie]|^ 
8D fiu" as the eye can judge, of polarized light. But, what is 
very interesting, the beam fg is not polarized in the plane of 
refraction or reflexiim, but in a plane at right ^angles to it; 
that is, its plane of polarization is not represented by A^ B' 



lig. 91. 




Jig. 81., as is the ordinary ray in Iceland spar, or as ligbt 
pMarized by reflexion, but by C' D' like' the e^tracnrdinary 
ray in Iceland roar. From a {^reat number of experiments^ 
I found that the light of a wax candle at the distance of ID 
or 12 feet was polarized at the following angles, by the feW 
lowing number of plates of crown glass. 



]fo.arnitwof 


Otaerml Aaglea at 
whirh t]M Peadl 


iro.orpiatMor 


ObaarTcd Anriaa at 
whieh tbePcMU 


OrowaOlMt. 


lapohriKd. 


CtoWaOtaM. 


iaylarlxed. 


8 


79° ir 


27 


570 10' 


12 


74 


"* 31 


53 28 


16 


69 4 


35 


50 5 


21 . 


63 21 


41 


45 35 


24 


60 8 


47 


41 41 



It follows from the above experiments, that if we divide the 
number 41'84 by any number of crown glass plates, we shall 
have the tangent of the angle at whidi the beam is polarized 
by that number. 

Hence it id obvioiis that the power of poliurizing the re- 
fracted ligit increases with the angle of incidence, being no- 
thing or a minimum at a perpendicular incidence, or 0°, and 
the greatest possible or a maximum at 90° of incidence. I 
found, likewise, by various experiments, that the power of po- 
larizing the light at any given angle increased with the re- 
fractive power of the bojfy, and consequently that a smaller 
number of plates of a highly Refracting body was necessary 
than of a refracting body of low power, the angle of incidence 

being'the same. 

As Mains, Biot, and Arago COTsidered the beams a, b, &c.» 
before they were completely polarized, as partiaUy polarized^ 
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and ns oonaisdog of a portion of polarized and a portbn of 
anpc^arized light ; so, cm the other hand, I concluded from the 
following reasoning that the unpolarized light had suffered a 
physical change, which made it at>proach to the state of com- 
plete polarization. For since sixteen plates are required to 
polarize completely a beam of light incident at an angle of 
69°; it is clear that eight plates will not polarize the whole 
beam at the same angle, but will leave a portion unpolarized. 
Now, if this portion were absolutely unpoiarized4ike common 
light, it would require to pass through other sixteen plates, at 
an angle of 69^, in order to be completely polarized ; but the 
truth is, that it requires to pass through only eight plates to 
be completely polarized. Hence I conclude that Sie beam has 
been nearly half polarized by the iirs); eight plates, and the 
polarization completed by the other eight This conclusion, 
though rejected by both the French and English philosophers, 
is capable of rigid demonstration, as will appear from the fol- 
lowing observations. 

In order to determine the change which refraction produced 
in the plane of polanzation of a polarized r^y, I used prisms 
and plates of glass, plates of water, and a plate of a highly re-' 
fractive metalline glass; and I found that a refracting surface 
produced the greatest change at the most oblique incidence, or 
that of 90° ; and that the change gradually diminished to a 
perpendicular incidence, or 0°, where it was nothing. I found 
also that the greatest effect produced by a single plate of glass 
was about 16° 39', at an angle of 86° ; that it was 3° 54' at an 
angle of 55°, 1° 12' at an angle of 35°, and 0° at an angle 
of 0°* 

A beam of common light, therefore, constituted as in fig, 
92., No. 1.5 with each of its planes A B, C D inclined 45° to 



Fig.n, 

No. 3. No. 3. 



No. 4. 




the'plane of refraction, will have these planes opened 16° 30' 

— \ ' 

* The rule for finding the inclination after a single refraction is as fol* 
lows:— Find the difference between the angles of incidence and refraction, 
and take the cosine of this difference. This number will be the cotangent 
of the inclination required ; and twice this inclination will be the inclln«> 
tioa of A B to C D. 
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each, by one plate of glass at an inddence of 66^; tliat u^ 
their inclination, in place of 00^, will be 123^ 18', aa in Na 
2. By the action of two or three plates m<»« they will be 
opened wider, as in Na 3. ; and bj 7 or 8 plates thej will be 
opened to near 180^, or so that A B, C D nearly comcide, as 
in No. 4., so as to form a single polarized beam, whose plane 
of polarization is perpendicular to the plane of refraction. I 
have shown, in another place,* that these planes can never be 
broa^ht into mathematical coincidence by any number of re- 
fractions ; but they approach so near to it that the pencil is, to 
all appearance, completely polarized with lights of ordinary 
strength. All the bght polarized by refraction is only par- 
tially polarized, and it has the same properties as that which 
is partiallv polarized by reflexion. A certain portion of the 
light of a beam thus partially polarized, will disappear when 
reflected at the polarizing angle from the plate B, fig. 87. ; 
and this quantity, which I have elsewhere shown how to cal- 
culate, is given in the following table for a single surface ot 
glass, whose index of refraction is 1*525. 



ABgicor 

iBoidcDW. 


larKMtloa of tte Pkncs 

orrotirintioBAa.ca 


Oouatjr «r tnnmltlcd 
S^ra oBt or 1M». 


QauUtjr or yolvind 
■kya wtt or UNO. 


0<' 


, 90° 0' 


956-77 





30 


90 26 


956-59 


7-22 


40 


92 D 


950-90 


32-2 


56^45' 


94 58 


920-5 


79-5 


70 


98 56 


637-33 


129-8 


80 40^ 


104 55 


. 608-3 


156-7 


85 


108 44 ^ 


383-72 


123-7 


90 


112 58 









Although the quantity of light polarized by refraction, as 
given in the last column of this Table, is calculated by a 
mrmula essentially different from that by which the quantity 
of light polarized by reflexion was calculated ; yet it is cu- 
rious to see that the two quantities are precisely equaL Hence 
we obtain the following law : — 

When a ray ofcwnmcn light is reflected and refracted by 
any surface^ the quantity of light polarized by refraction is 
exactly equal to that polarized by reflexion. 

This law is not at all applicable to plates, as it appeared to 
be from the experiments of M. Arago. 

When the preceding method of analysis is applied to the 
light reflected by the second surfaces of plates, we obtain the 
Allowing curious law : — 

* See Phil Trawtactiont^ 1890, p. 137., or B^nhurgh Jntnul of Stinct^ 
K«w fierief. No. Vl.. p. 8ia 
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A pencil of light reflected from the seeond surfaces of 
transparerd pltUes, and reaching the eye after tioo refrac- 
tions and an intermediate reflexion, contains at aU angles of 
incidence, from 0° to the maximum polarizing angle, a porr 
tion of light polarized in the plane of reflexion. Above the 
polarizing angle, the part of the pencil polarized in the 
plane of refleodon diminishes^ tiU the incidence becomes 7B^ 
T in glass, when it disappears, and the whole pencil has the 
character of common light. Above this last angle the pencil 
contains a quantity of light polarized perpendicularly to the 
plane of reflexion, which increases to a maximum, and then 
diminishes to nothing at 90°.* 

(107.) As a bundle of glass plates acts upon Wght^ and po- 
larizes it as effectually as reflexion from the surface of glass 
at the polarizing angle, we may substitute a bundle of glass 
plates in the apparatus, Jig, 87., in place of the plates of glass 
A, R Thus, if A (flg, ^/) is a bundle of glass plates which 

Fig. 93. 






polarizes the transmitted ray s t, then, if the second bundle B 
IS placed as in the figure, with the planes of refraction of its 
plates parallel to the planes of refntction of the plates of A, 
the ray s t will penetrate the^second bundle ; and if « ^ is in- 
cident on B at the polarizing angle, not a ray of it will be re- 
flected by the plates of B. If B is now turned round its axis, 
the transmitted light v w will gradually diminish, and more 
and more light will be reflected by the plates of the bundle, 
till, afler a rotation of 90°, the ray v w will disappear, and all 
the light will be reflected. By continuing to turn round B, 
the ray v w will re-appear, and reach its maximum brightness 
at 180°, its minimum at 270°, and itd maximum at 0°, after 
having made one complete revolution. 

By this apparatus we may perform the very same experi- 
ments with refracted polarized light that we dia with reflected 
polarized light in the apparatus of ^^. 87. 

We have now described two metiiods of converting com- 
mon light into polarized light : 1st, By separating by double 
refraction the two oppositely polarized b^ams which constitute 
common light ; and, 2d]y, By turning round, by the action of 

* See Phil. Trans. 1830, p. 145. ; or Edinburgh Journal of Scienee^ No. VI., 
p. S34. New Series. 
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the reflecting and refracting forces, the planes of liotb these 
beams till they coincide, aiM thus &irm light polarized in one 
plane. Another method still remains to Iw noticed ; namely, 
to disperse or absorb one of the oppositely polarized beams 
which constitute common light, and leave the other beam po- 
larized in one plane. These effects may be prodaced by agate 
and tourmaline, Sixfi 

(106.) If we transmit a beam of common li^ht through & 
plate of a^te, one of the oppositely pokrized beams wifi be 
converted mto a nebulous light in one position, and the other 
polarized beam in another position, so that one of the polar* 
ized beams with a single plane of polarization is left. . The 
same effect may be produced by Iceland spar, arragonite, and 
artificild salts prepared in a particular manner, to produce a 
dispersion of one of Xhib oppositely polarized beams.* 

When we transmit common light through a thin plate of 
taurmaUfie^ one of the oppositely polarized beams which oon- 
rtitute common light is entirely absorbed in one position, and 
the other in another position, one of them always remaining 
with a single plane of polarization. 

Hence, plates of agate and tourmaline are of great use^ 
either in aJSbhlhsg a beam of light polarized in one plane, or 
in dispersing and absorbing one of tne pencils of a compound 
beam, when we wish to analyze it, or to examine the color or 
properties of one of the pencils seen separately. 



CHAP. XXI. 

OS THE COIXAS OF CST8TAIXIZBD PLATttl Dl 
FOLABIZED LIGHT. 

(109.) The splendid cdors, and systems of colored rioga^ 
produced by transmitting polarized light through transparent 
txxlies that possess double refiractian, are undoubted^jf the most 
brilliant phenomena that can be exhibited* The colors pro- 
duced by these bodies were first discovered by independent 
observation, by M. Azago and the author cf this volume ; and 
they have been studi^ with great success by M. Biot and 
Other authors. 

In order to exhibit these phenomena, let a polarizing ap> 
paratus be prepared, sunilar in its nature to that in Jig. 87. ; 

out without the tubes, as shown in fig. 94., where A is a plate 

• — — — — — — — > — ^ . 

*See Edinhurgk EncfcioprntUa, vol. xv. pp. 600, 601.; PkU. Tranf. 1819, 
p. 146. 

O 
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of glass which polarizes tW ray R r, incident upon it at an 
angle of 56° 45', and reflects it polarized in the direction r *, 
where it is received by a second plate of glass, B, whose plane 
of reflexion is at right angles to that of the plate A> and 
which reflects it to the eye at O, at an angle of 56° 45'. In 



Fif. 94. 





y 



Older that the polarized pencil r s may he sufficiently brilliant, 
ten or twelve plates of window glass, or, what is better 
still, of thin and well-annealed flint glass, should be substi- 
tuted in place of the single plate A. The plate or plates at 
A are called the polarizing pkUes^ because their only use is 
to furnish us with a broad and bright beam of polarized light 
The plate B is called the analyzing plate, because its use is 
to ao^yze, or separate into its parts, the light transmitted 
through any body that may be placed between the eye and the 
polarizing plate. ' 

If the beam of light R r proceeds from the sky, which will 
answer well enough for commwi purposes, then an eye placed 
at O will see, in the direction O s, the part of the sky from 
which the beam R r proceeds. But as r s will be polarized 
light if it is reflected at 56° 45' from A, almost none of it will 
be reflected to the eye at O from the plate B ; that is, the eye 
at O will see, upon the part of the sky from which R r pro- 
ceeds, a bhc^ spot ; and when it does not see this black spot, 
it is a proof that the plates A and B are^^ not placed at the 
proper inclinations to each other. When a position is fi>und, 
either by Roving A or B, or both, at which the black spot is 
darkest, the apparatus is properly adjusted. 

(110.) Having procured a thin film of sulphate of lime or 
mtca, between the 20th. and the 60th of an inch thick, and 
which may be split by a fine knife or lancet from a mass of 
any of these minerals in a transparent state, expose it, as 
shown at C E D F, so that the polarized beam r s may pass 
through it perpendicularly. If we now apply the eye at O, 
and look towa,rds the black spot in the direction O *, w^e ^9\\ 
see the surfece of the plate of sulphate of lime entirely cov- 
ered with the most brilliant colors. If its thickness is per- 
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fectly unifinrm throa^}ioat, its tint will be perfectly uni£irm ; 
but if it has different thicknesses, every different thickness 
will display a different color — some red, some green^ some 
blae, and some yellow, and all of th^ most brilliant descrip- 
tkm. If we tarn the film C E D F round, keeping it perpen* 
dicular to the polarized beam, the colors will become less or 
more bright without chan^g their nature, and two lines, 
C D, E F at ri^t angles wul he found, so that when either of 
thempis in the plane of reflexion r s O, no colors whatever are 
perceived, and the black spot will be seen, as if th^ sulphate 
of lime had not been interposed, or as if a piece of common 
glass had been substituted for it It will also be observed, by 
continuing the rotation of the sulphate of lime, that the colors 
again begin to appear; and reach their greatest brightness 
when either of the lines G H, L K, which are inclined 45^ to 
C D, £ F, are in the plane of reflexion r « O. The plane R r s, 
or the plane in which the light is polarized, is called the plane 
of primUive polarizatum ; the Imes CD, E F, the neutral 
axes ; and G H, K L, the depolarizing axes, because they de* 
polarize, or change the polarization of the polarized beam r s» 
The brillianc^r or intensity of the colors increases gradually^ 
from the position of no color, to that in which it is the most 
brilliant. 

Let us now suppose the plate C E D F to be fixed in the po- 
sition where it gives the brightest color ; namely, when G H 
is perpendicular to the plane of primitive polarization R r s, 
or parallel to the plane r s O, anid let the color be red.. Let 
tfie analysing plate B be made to revolve round the ray r s, 
beginning its motion at 0°, and preserving always the same 
indination to the ray r s, viz. 56^ 45^. The brightest red 
being now visible at 0°, when the phite B begins to move fitxn 
its position shown in the figure, its brightness will graduallr 
diminish till B has turned round 45^, when the red color will 
wholly disappear, ai|d the black spot in the sky be seen. Be- 
yond 45^ a &int green will make its appearance, and will be- 
come brighter and brighter till it attains its greal#t bright- 
ness at 90^. Beyond 90° the green becomes paler and paler 
till it disappears at 125P, Here the red again appears, and 
reaches its maximum brightness at 180°. The very same 
changes are repeated whfle the plate B passes from 180^ 
round to its first position at 360° or 0°. * From this experi- 
ment it appears, that when the film C £ D F alone revolves^ 
only one color is seen ; and when the plate B only revol|es, 
two colors are seen during each half of its revolution. 

If we repeat- the preceding experiment with films of dif^ 
eat thicknesses^ that give diroreat polors, we shall find that the 
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two colors are always complementary to each other^ or to* 
^liier make white light 

, Q.11.) In order to understand the cause of .these beautiful 
phenomena^ let the eye be placed between the film and the 
plate B, and it will be seen that the light transmitted-tiux)ugh 
the film is white, whatever be the position of the film. The 
separation of the colors is therefore produced, or the white . 
light is analyzed^ by reflexion fiom the plate B. Now, sul- 
phate of ]ime is a doubly refiracting crystal ; and one «f its 
neutral axes, C D, is the section c^ a plane passing through its ^ 
aads, while E F is the section of a plane p^pendicular to the ^ 
principal section. Let us. now suppose either of these planes, for 
example E F, to be placed, as in the figwe, in the plane of po- 
larization R r s of the polarized light ; then this ray will not bo 
doubled, but will pass into the ordinary ray of the crystallized 
film ; and fiilling upon B, it will not suffer reflexion. In like 
manner, if C D is brought into the plane Rr #, it will pass 
entirely into the ordinary ray, which, fidling upon B, will not 
flufler reflexion, in these two positions of ttie film, therefore^ 
it forms only a single image or beam ; and as the plane of por 
lanzaticMa of this image or beam is at right angles to the plane 
of reflexion fix)m B, none of it is reflected to the eye at Ou 
But in every other position of the doubly refracting fihft 
C E D F, it foirms two images of diflerent intensities, as, may 
be inferred from Jig. 86. ; uid when either of the depolarizing 
axes G H or K L is in. the plane of primitive poilaxizatiaD, the 
two images ace of equal brightness, and aire polarized in opi- 
posite planes ; one in the plane of primitive polariasatioii, eaaik 
the other at right angles to it. Now, one of these, images is 
red, and the other green^ fbr reasons which wiU be afiarwarda ' 
explained ; and as the green is polarized in the plane of primi<< 
tive polariaatiDn Rrs, it does not ^fler reflexion from the 
plate B ; while the red, being polarized at. right angles to that 
plane, is reflected to the eye at O, and is Itierefore alon^ seenw 
For- a similar reason, when B is turned round 90°, the red wU^ 
not suffei^ reflexion from it ; while the green will suffer re* 
flexion, and be transmitted to the eye at O. In this case the 
plate B analyzes the compound beam of white light trana* 
mitted through the film of sulphate of lime, by reflecting the 
half of it which is polarized in the plane of its reflexion, and) 
refusing to reflect the other half, which is polarized in an op- 
posite plane. If the tw:o beams had been each white light, as 
thi^are in thick plates of sulphate o£ lime, in place of seeing 
two different colors during the. revolution of the plate B, the. 
reflected pencil s O would have undergone different variations 
of brightnesB, acootding as the two oppositely polarized beamift 
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of white light were more or less reflected hv it ; the positipiifl 
of ^eatest brightness being those where the red and green 
colors were the brightest, and the darkest points being thoso 
where no color was visible. 

-'(112.) The analysis of the white beam composed of two 
beams of red aiid green light, has obviously been effected by 
the power of the plate to r^ect the one and to transmit or 
refract the other ; but the samb beam may be analyzed by va- 
rious other methods. If we make it pass through a rhomb of 
calcareous spar sufficiently thick to separate by double refrac- 
tion the red from the green beam, we shall at«the same time 
see both the colored beams, which we could not do in the for- 
mer case ; the one forming the ordinary, and the other the ex- 
traordinary image. Let us now remove the plate B, and sub- 
stitute for it a rhomb of calcareous spar, with its principal sec- 
tion in the plane of reflexion r s O, or perpendicular to the 
plane of primitive polarization R r », and let the rhomb have 
a round aperture in the side farthest from the eye, and of such 
a size that the two images of the aperture, formed by double 
refraction, may just touch one another. Remove the film 
C E D F, and it\e ' eye placed behind the rhomb will see only 
the extraordinary image of the aperture, the ordinary one 
having vanished. Replace the film, with its neutral axes as in 
the figure, parallel and perpendicular to the plane R r «, and 
no effect will be ijroduced ; but if either of the depolarizing 
axes are brought into the plane R r s, the ordinary image of 
the aperture will be a brilliant red, and the extraordinary 
ima^e a brilliant green ; the double refraction of the rhomb 
havmg separated these two di^rently colored and oppositely 
polarized beams. By turning round the film, the colors will 
vary in brightness ; but the same ipiage will always have the 
same color. If we now keep the film fixed in the position 
^at gives the finest colors, and move the rfaOmb of calcareous 
spar round, so that itHprincipal section shall make a complete 
revolution, we shall find that, afler revolving 45° from its first 
position, both images become white. Afler revolving 90°, the 
ordinary image that was fprmerly red is now green, and the 
extraordinary image that was formerly green is now red. The 
two images become again white at 135°, 225°, and 315° ; and 
at 180°, the ordinary image is again red, and the extraordi- 
nary one green; and at 270°, the ordinary image is greeny 
and the o&er red. 

If we use a large circular aperture on the fec.e of ^ 
rhomj), the ordinary and extraordinary images O, E Will over- 
lap each other, as itifig, 95,;; the overlapping parts at F G 
being pure white light, and the parts at C ana D having the 
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colors a'bove deecribed. This experiment afli^s ocular do^ 
monstration that the two colors at C and D are comple- 
mentary, and form white light 

^ The analysis of the compound beam transmitted by the snl- 
,phate. of lime maf also be effected by a plate of agatCf or by 




any of the crystals, artificially prepared fi>r the purpose of 
dispersing one of the component beams. The agate being 
placed between the eye and the film C E D F, it will disperse 
mto nebulous light the red beam, and enable the green one to 
reach the eye ; while in another position it will scatter the 
green beam, and allow the red light to reach the eye. With 
a proper piece of agate this experiment is both beautifiil and 
instructive ; as the nebulous light, scattered round the bright 
image, will be green when the distinct image is redt and red 
when the distinct ima^e is green. 

The analysis may also be efiected by the absorption ottour* 
maline and other similar substances. In one position the tour- 
maline absorbs the green beam, and allows the red to pass ; 
while in another position it absorbs the red, and sufiers the 
^een to pass. The yellow color of the tourmaline, however^ 
IS a disadvantage. 

. The analysis may also be performed by a bundle of glass 
plates, such as A or B, fig. 93. In one position such a bundle 
will trfinsmit all the red, and reflect all the green ; while i^ 
another position it will transmit all the green, and reflect all 
the red, in the opposite manner, but according to the same 
rules as the analyzing plate B* fig' 94. 

(113.) In all these experiments the thickness of the si:d- 
phate of lime has been supposed such as to give a red and a 
green tint ; but if we take a film 0*00046 of an English inch 
thick, and place it at C E D F in fig, ^., it will produce no 
colors at all, and the black spot in the sky will be seen, what- 
ever be the position of the film. A film 0*00124 thick will 
^e the white of the first order in Newton's scale of colors, 
given in p. 93 ; and a plate 0-01818 of an inch thick, and 
all plates of greater thickness^ will give- a white composed 
of all the color& Films or plat^ of intermediate thicknesses 
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between (H)0124 imd (H)1818 will give all the intermediate 
colors in Newton's Table between the white of the first order 
and the white arising from the mixture of all the colors* That 
isi the colcHTs reflected to the eye at O will be those in column 
2d) while the colors observed by turning round the plate B 
will be those in column 3d ; the one set of colors correspond* 
ing to the reflejjcted tints, aiid the othei' to the transmitted tints 
of thin plates. In order to determine the thickness of a film 
of sulphate of lime which gives any particular color in the 
TablO) we must have recourse to this numbers in the last eo^ 
umn Sx glusa, which has nearly the same refiractive power a^ 
Bul]^ate of lime. Suppose it is required to have the thickness 
which corre^nds to the red of the first spectrtiin or order of 
colors. The number in the column for glass, opposite red, is 
54 ; thai, since the white of the first order is produced by a 
fikn 0*00124 of an inch thick, the number corresponding to 
which is 3J in the column for glass, we say, as 3| id to 5|, so 
is 000124 ta 0-00211, the thickness which will give the red 
of the first order, in the same manner, by having the thick* 
ness of any film of this substance, we can determine the color 
which it will produce. 

Since the colors vary with the thickness of the plate, it is 
manifest, that if we could form a wedge of- sulphate of lime, 
with its thickness varying from 000124 to 001818 of an inch, 
we should obseirve at once all the colors in Newton's Table in 
parallel stripes. An experiment of. the same kind may be 
made in the following raannei : — ^Take a pjate of sulphate of 
lime, M N, fig, 96., whose thickness exceeds 001818 of an 




inch. Cement it with isinglajBs on a plate of glass; and 
placing it upqn a fine lathe, turn out of it with a very sharp 
tool a concave ot hollow surface between A and B, turning it 
ao thin at the .centre that it either begins to break or is on the 
eve of breaking. If the plate M N is now placed in water, 
the water will after some time dissolve a small portion of its 
substance, and polish the turned surface to a certain degree, 
if the plate is now held ^ C £ D F, ^. 94., we shall see all 
the colors in Newton's QSftlein the form of concentric ringi^ 
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88 shown in the figure* If the thickness diminishes rapidly 
the rings will be cldsely packed together, but if the turned 
surface is large, and the thickness diminishes slowly, the col- 
ored bands will be broad. In place . of turning out the con- 
cavity, it might be dpne better by grinding it out, by applying 
a convex surface of great radius, and using the finest emery< 
When the plate M N is thus prepared) we may give the moist 
perfect polish to the turned sur&ce by cementing upon it a 
plate of glass with Canada balsam. The balsam will dry, and 
the plate may be preserved for any length of time. 

By the method now described, the most beautillil patterns, 
such as are produced in bank-notes, &c., may be turned upon 
a plate of sulphate of lime 0*01818 of an inch thick, cemented 
to glass. All the grooves or lines that compose the pattern 
may be turned to different depths, so as to leave different 
thicknesses of the mineral, and the grooves of different depths 
will all appear as different colors, wnen the pattern is held in 
the apparatus in fig, 94. Colored drawings of figures and 
landscapes may in like manner be executed, by scraping away 
the mineral to the thickness that will give the required colors ; 
or the effect may be produced by an etching ground, and 
using water and other fluid solvents of sulphate of lime to 
reduce the mineral to the required thicknesses. A cipher 
may thus be executed upon the mineral ; and if we cover 
the surface upon which it is scratched, or cut, or dissolved, 
with a balsam or fluid of exactly the same refi-active power as 
the sulphate, it will be absolutely illegible by common light, 
and may be distinctly read in polarized light, when placed at 
C E D F in J?^. 94. 

As the colors produced in the preceding experiments vary 
with tiie different thicknesses of the boay which produces 
them, it is obvious that two films put together, as they lie ia 
the crystal with similar lines coincident or parallel, will pro- 
duce a color corresponding to the sum of their thicknesses, 
and not the color which arises from the mixture ef the two 
colors which they produce separately. Thus, if we take two 
films of sulphate of lime, one of which gives the orange of 
the first order, whose number in the last column in Newton's 
Table, p. 93., is 5j, while the other gives the red of the 2d 
order, whose number is 11| ; then by ending these numbers, we 
get ^7, which corresponds in the Table to greenish yeUow of the 
3d order. But if the two plates are crossed^ so that similar lines 
in the one are at right angles to similar lines in the' other, 
then the tint or color which they produce will be that Which 
belongs to the difference of their thicknesses. Thus, in the 
present case, the difference of the f&>ve numbers is 6|, whic^ 
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corres^xiiids ia the Table to a reddish viplet of the second 
order. If the platen which are thus crossed are equally thicks 
and produce the same colors, they will destrOT each other's 
efiectSy and blackiiess will be produced ; the di&rence of the 
numbers in the Table bei^g 0. Upon thi^ principle, we may 
' produce colors by crossing plates of such a thickness as to 
give no colors separately, provided the difference of their 
uickness does not exceed 001816 ; fer if the difference of 
their thickness is greater than this, the tint will be white, and 
beyond the limits of the Table. 

If the polarized light employed in the preceding experi* 
ments is homogeneous, then the ccdors reflected from the plate 
B will always be thoee of the homogeneous light employed. 
In red light, for example, the colors or rather shades which 
succeed eadi other, with different thicknesses of the mineral^ 
w^l be red at one thickness, black at another, red at another, 
and bkck at another, and so on with all the different col(Hr9. 

If we place the specimen shown in^. 96. in violet light, the 
rings A JBwill be less than in red hqjtA; and in intermediate 
colors they will be of intermediate magnit^ides, exactly as in 
the rings of thin plates £)nnerly descril^. When white light 
' is used, all the di^rent sets of rings are combined in the very 
nme manner as we have alreadv explained, in thin plates oi 
air, ^d will form bv their combinations the various colored 
nogs in New]tai^s 1^)16. 



CHAP. XXIL 

OR THK SmnW OF CXXLOftKD BUfQS IN CRTBTAUB WITH 

OSS AXIS. 

(114.) In all the preceding experiments the film C E D F 
must be held at such a distance from the eye, or from the plate 
B, that its surface may be distinctly seen, and in the apparatus 
used by different philosophers this distance was considerable. 
In the year 1813 I adopted another method, namely, that of 
bringing the film or crystal to be examined as close to the eye 
as possible, a very small l>late, B, not above one fourth of an 
inch, being interposed, as in^^. 94., between the crystal and 
the eye, to reflect the light transmitted through the ciystaL 
By this means I discovered the systems of rings formed along 
the axes of crystals with one and two axes, which form the 
most splendid phenomena in optical science, and which by 
their analysis have led phikisopherB to the most important dis' 
eoverieSk 
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I discovered them in rubjr, emerald, topaz, ice, nitre, and s 

great variety of other bodies, and Dr. Wollaston afterwards. 
observed them in Iceland q>ar. 

In order to observe the system of rings rpund a single axis 
of douUe relraction, grind down the summits or obtuse angles 
A X of a rhomb of Iceland s]iaT,Jig. 72., (uid replace them by 
plane and pdished surlaxies perpendicular to tiiB ajds of double 
refraction A X. But aa this is not an eas/ operation without 
the aid of a lapidary, I have adopted the following method, 
which enables us to tntnsmit light along the a^is A X without 
injuring the rhomb. Let C D E P,fig. 07., be the principal 
section of Uie rhomb; cement upon 
its surfaces C D, F E, with Canada 
balsam, two prisms, I> L K, F G H, 
having the angles L D K, G P H 
each equal to about 45°; and by let- 
tins fall a ray'of light perpenilicu- 
br^ upon the face D L, it will pass 
along ijie axis A X, and emerge per- 
peodicularty through the &ce F G. 
" Let the rhonih thus prepared be held 

in the polarized beam r t,Jig. 94., so that r a maV pass along 
the axis A X, and let it be held as near the plate B as possible. 
When the eye is held very near Co B, and looks alim O * as 
it were through the reflected image of the rhomb C E, 't "iU 
perceive along its axis A X a splendid system of colored rings 
resembling that shown in^. 96., intersected by a rectangular 
«r. M. 






Uack cross, A B C D, the arms of which meet at the centre 
of the rings. The colors in these rings are exactly the same 
as those m Newton's Table of Colore^ and ccmsequently the 
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same as the system of rings seen by reflexion from the f^ate 
of air between the object glasses If we turn the rhomb 
round its axis, the rings will suf^r no obange ; bat if we fix 
the rhomb, or hold it steadily, and turn rouxid the plate B, 
then, in the azunuths 0°, 90°, 180°, and 270« of its revotation, 
we shall see the same system of rings; but at the intermediate 
azimuths of 45^^, 135^ 225°, and 315°, we shall see another 
system, like that in^^. 99-9 in which.all the col(»rB are com- 
plementary to those in^^. 96., being the same as those seen 

Fig. 99. 




in the rings formed by transmission through the plate of air. 
The superposition of these two systems of rings would repro*, 
duce white light. 

If, in place of the glass plate B, we substitute a prism of 
calcareous spar, that separates its two images ^eatly^ or a 
rhomb of great thickness, we ^all see in the ordmary image 
the first system of rings, and in the extraordinaiy image me 
second system of complementvy rings, when the principal 
section of the prism or rhomb is in the plane r « O as fermerly 
described. 

As the light which forms the first system of rings is polarized 
in an opposite plane to .that which ferms the second system^ 
we may disperse the one system by agate, or absorb it by 
tourmaline, and thus render the other visible, the first or the 
second system being dispersed or absorbed acceding to the 
portion of the agate or the tourmaline. 

If we split the rhomb of calcareous spar,^^. 97., into two 
plates by the fissure M N, and examine the rings produced by 
each plate sjeparately, we shall find that the rings produced by 
each plate are larger in diameter than those produ(5ed by the 
whole rhomb, and that the* rings increase in size as the thick- 
ness of the plate diminishes. It will also be found that the 
circular area contained witiiin any one ring is to the circular 
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area of any other ting, as the number in Newt(m*s Table oor* 
responding to the tint of the one ring is to the number corre- 
sponding ta the tint of the o^er. 

If we use homogeneous light, we £^all find that the rings 
are smallest in vicSet light and largest in red light, and of in* 
termediate sizes in the intermediate colors, consisting always 
of rings of the color of the light employed, separated by black 
rings. In white light all the rings formed by the seven di^ 
ferent colors are combined, and constitute the colored system 
above described, according to the principles which were fuUy 
explained in Chapter XII. 

(115.) All the other crystals which have one axid of double 
re&actbn, give a similar system of rings along their axis of 
double refr^tion ; but those produced by the positive crystals, 
such as zircon, ice, &c., though to the eye they differ in no 
respect from those of the negative crystals, yet possess dif- 
ferent properties. If we take a system of rings formed by 
ice or zircon, and combine it with a system of rings of the 
very same diameter formed by Iceland spar, we shall find^ 
that the two systems destroy one another, the one being nega- 
tive and the other positive ; an efl^ct which might have been 
expected &6m the opposite kinds of double refraction possessed 
by these two crystals. . 

If we combine two plates of negative crystals, such as Ice* 
land spar and beryl, the system of rings which they produce 
will.be such as would be formed by two plates of Iceland spar, 
one of which is the plate employed, and the other a piate 
which gives rings of the same size as the plate of beryl But 
if we combine a plate of a negative crystal with a plate of a 
positive crystal, such as one of Iceland spar with one of jstr- 
wn or ice, the resulting system of rings, in place of arising^ 
from the sum of their separate actions, will arise from their 
difference ; that is, it will be equal to the system produced by 
a plate of Iceland spar whose thickness is equal to the difier- 
ence of the thicknesses of the plate of. Iceland spar employed, 
and another plate of Iceland spar that would give rings or the 
same size as those produced by the zircon or ice. 

These experisnents of combining rings are not easily made, 
unless we employ crystals which have external faces perpen- 
dicular to the axis of double refraction, such as the variety of 
Iceland spar called spath calcaire basse, some of the micas 
with one axis, and well crystallized plates of ice, &c. When 
two such plates cannot be pbtained, I have adjusted the axes 
of the two plates so as to coincide, by placing between them, 
at then* edges, two <Hr three small pieces of soft wax,^ by prees^ 
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ing which in di^rent directions, we may paroduce a sufficiently 
accurate coincidence of the systems of rings to establish, the 
preceding confi^usions. 

If, when two systems of rings are thus comluned, either 
both negative or both positive, or the one negative and the 
other positive, we interpose between the plates which produce 
tiiem crystallized films of miphate qf lime or mica, we shall 
produce the most beautiful changes in the fi>rm and character 
of the rinffs. This experiment I fi>und to be particularly 
splendid when the film was placed between two plates of the 
apath calcaire basee of the same thickness, and tanen fronrthe 
same crystal By fixing them permanently with their fiices 
parallel, and leaving a sufficient interval between (hem for 
the introduction of films of crystals, I had an apparatus by 
which the most splendid phenomena were produced. The 
rings were no longer symmetrical round their axis, but exhib- 
itea the most beautifiil variety of forms during the rotation of 
the combined plates, all of wnich are easily d^uciUe from the 
general laws of double refraction and polarization. 

The table of crystals that have negative double refiraction 
shows the bodies that have a nej^tive system of rinfs ; and 
the table of positive crystals indicates those that have a posi- 
tive system of rings. 

(116.) The following is the method which I have used for 
distinj^uishing whether any system of rings is positive or 
negative. Take a film of sulphate of lime, such as that shown 
at C £ D F, fig. 94., and mark upon its surface the lines or 
neutral axes CD, £ F as nearly as may be. Fix this film bv 
a little wax on the surface, L D or F G, fy, 97.,' of the rhomb 
which produces the negative system of rings. If the film 
produces alone the red of the second order, it will now, when 
combined with the rhomb, obliterate part of the red ring of 
the second order, either in the two quadrants A C, B D, Jig, 
98., or in the other two, A D, C R Let it obliterate the red 
in A C, B D ; then if the line C D,^^. 94., of the film crosses 
these two quadrants at right angles to the rings, it will be the* 
principal a^fis of the sulphate of lime ; but if it crosses the 
other two quadrants, then the line £ F, which crosses the 
quadrants A C, B D, will be the principed axis of sulphate of 
lime, and it should be marked as such. We shall suppose, 
however, that C D has been proved to be the principal axis. 
Then, if we wish to examine whether any other system of 
rings is positive or negative, we have only to cross the rings 
wiSi the axis C D, by interposing the film: and. if it obliter- 
|U«a the red ring of the second order in the quadrant which it 
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CFoeses, the system will be negative ; but if it obliterates the 
same ring in the other two qu^^nts which it does not cross, 
then the system will be positive. It is of ifo consequence 
what color the film polarizes, as it will always obliterate the 
tint of the same nature in the system of rings under ejcam- 
ination. 

(117.) In order to explain the formation of the systems of 
rings seen along the axes of crystals, we must consider the 
two causes on which they depend ; namely, the thickness of 
the crystal through which the polarized light passes, and the 
inclination of the polarized light to the axis of double refrac- 
tion or the axis of the rinss. We have already shoWn how 
the tint or color varies, with the thickness of the crystallized 
body, and how, when we know the color for one thickness, we 
may determine it for all other thicknesses, the inclination of 
the ray to the axis remaining always the same. We have 
now, therefore, only to consider the effect of incliaation to tlie 
axis. It is obvious that along the axis of the crystal, where 
the two black lines A B, C D,^. 98., cross each other, there 
is neither double refraction nor color. When the polarized 
ray is slightly inclined to the axis, a faint tint appears, like 
the Hue in the first order of Newton*s scale ; and as the incli- 
nation gradually increases, all the colors in Newton's table ^re 
product in succession, from the very black of the first order 
up to the reddisJtwhite of the seventh orcfer. Here, then, it 
appears that an increase in the inclination of the polarized 
light to the axis corresponds to an increase of thickness ; so 
tluit if the light always passed through. the same thickness of 
the mineral, the different colors of the scale would be pro- 
duced by difference of inclination alone. Now, it is found by 
experiment, that in the same thickness of the mineral, the 
numerical value of the tints, or the numbers opposite to the 
tints in the last column of Newton's table, vary as the square 
of the sine of the inclination of the polarized ray to the axis. 
Hence it follows, that at equal inclinations the same tint will 
be produced ; and consequently, the sifhilar tints will be at 
equal distances from the axis of the rings, or the Knes of equal 
tint or rings will be circles whose centrfe is in' the axis. Let 
us suppose that at an inclination of 30° to the axis we observe . 
the blue of the second order, the numerical value of whose 
tint is 9 in Newton's table, and that we wish to know the tint 
which would be produced at an inclination of 45°. The sine 
of 30° is -5, and its square -25. The sine of 45° is -7071, and 
its square .5. Then we say, as ^25 is to 9, so is -5 to 18, which 
in the table ifl the nnmerical value of the red of the thiid 
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order. If we isuppose the thickness of the mmeral to be in* 
creased at the inclinations 30^ and 45^ then the nnmerica} 
value of the tint would increase in the same proportion. 

It is obvious from what has been said, that me polarizing 
force, or that which produces the rings, vanishes when th& 
double refraction vanishes, and increases and diminishes with 
the double refraction, and according to the same law. The 
polarizing force, therefore, depends on the force of double re- 
fraction^ and we accordingly find that crystals with high 
double refraction have the power of producing the same tint, 
either at much less thicknesses, or at much less inclinations to 
th^ axis. In order to compere the polarizing intensities cf 
different crystals, the best way is to compare me tints which ^ 
they produce at right angles to the axis where the ferce of 
doable refraction and pdarization is a maximom, and with a 
given thickness of the mineraL Thus, in the case ^iven 
above, we may find the tint at right angles to the axis, by 
taking the square of the sine of 9uS which is 1 ; so that we 
have the following proportion : as *25 is to 9, so is 1 to 96, the 
value of the maximum tint of calcareous spar at right angles 
to the axis, upon the supposition that a tint of the value df 9. 
was produced at an inclination of 90°. If we have measured 
the thickness of Iceland spar at which the tint 9 was produced, 
we are prepared to compare the polarizing intensity of Iceland 
spar wjm that of any other mineral. Thus, let us take a plate 
of quartz^ and let us suppose that at an inclination of 30°, 
and with a thickness fifty-one times as great as that of the 
plate of Iceland spar, it produces a yellow of the first order, 
whose value is about 4 Then to find the tint at 90°, or at 
right angles to the axis, we say, as the square of the sine of 
90°, or '25, is to 4^ so is the square of the sine of 90°, or 1, to 
16, the tint at 90°, or the green of the third order. Now the 
polarizing power or intensity of tiie Iceland spar would have 
Deen to £at of the quartz as 96 to 16, or 2^ times as great, if 
the thickness of the two minerals had been the same ; but as 
the thickness of the quartz was 51 times as great as that of 
the Iceland spar, the polarizing intensity of the Iceland spar 
will be 51 multidied by 2^ times, or 115 times as great as 
that of quartz. The intensities for various crystals have been 
determined by several observers, but the fi>Uowing have beea 
given by Mr. Herschel : — 
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Polarixing IntefuiUeB qf CryetaU with One Axis* 



Iceland spar ... 
Hydrate of strontia - 
Tourmaline - . ' - 
Hyposulphate of lime - 
Quartz ..... 
ApophylUte, 1st variety 
Camphor . . . . 
Vesuvian - - . . 
ApophylUte, 2d variety 
3d variety 



Value of 
biChMt Hat. 



35801 

1246 

851 

470 

312 

109 

101 

41 

33 

3. 



TbickneMc* that prodnc* 
the Mine Tint. 



0-000028 
^0-000802 
0-001175 
0-002129 
0-003024 
0-009150 
0-009856 
0-024170 
0-030374 
0-366620 



The tibove measures are suited to ueUow light, and the 
numbers in the second column show the proportions of the 
thicknesses of the different substances that prcxiuce the same 
tint The polarizing force of Iceland spar is so enormous at 
right angles to the axis, that it is almost impracticable to pre- 
pare a film of it sufficiently thin to exhibit the color^ in New- 
toD^s table. 



CHAP. XXffl. 

ON THE SYSTEMS OF COLORED RINGS IN CRTSl'ALS WTTR 

TWO AXES. 

(118.) It was long believed that all crystals had only one 
axis of double refraction ; but, after I discovered the double 
system of rings in topaz and other minerals, I found that these 
minerals had two axes of double re&action as well ais of polar- 
ization, and that the poasesBion of two axes characterized the 
great body of crystals which are either formed by art, or 
which occur in the mineral kingdom. 

The double system of nngs, or rather one of the sets of the 
double system of rings in topaz, first presented itself to me 
when I was looking donff the axis of topaz, which reflected a 
part of the light or the sky that happened to be polarized, so 
that they were seen without the aid either of a polarizing or 
an analyzing plate. In this and some other minerals, however, 
the axes of double refraction are so much inclined to one an- 
other, that we cannot see the two systems of rin^ at once. I 
shall therefore proceed to explain them as exhibited by nitre^ 
in which I also discovered them and examined many of their 
properties. 
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Nitre, or galtpetre, is an artificial tubet&nce which cirMftl' 

lisea ia eix-eidcd prisms with aagles (^ about 120°. It belongs 
U) the prismatic Bjslem of Mobs, and has therefore two axes 
of Houble refractioTi along wbicb a ro; of light 19 not divided 
into twa These axes are each inclined about 2^° to the oaii 
of the prism, and about 5° to each other. 11^ therefore, we cut 
off a piece at a prism of nitre wilh a knife driven by a smart 
Mow ttom a haramer, and polish two fiat Eurfaces perpendicu- 
lar to tha axis of the prism, so as to leave a thiclmeai of the 
sixtli or eighth of an inch, and (hen transmit the polarized 
lijl^t r I, j^. 94., along the axis of the prism, keepig? the 
crjBt&l as near to the ]^ate B as possible on (Hie side, and the 
eye as near it as po»ible on the other, we abal] see the double, * 
system of rings, A B, shown in ^. 100., when the plane pase^ 
ing through me two axes of nitre is in the plane d primitive 

JV- 100- ' Fft- Wl- 




poIarinttiOT, or in the pkoe of reflexion r t 0, fig. 94., and 
the system shown in^. 101. when the same plane is inclbed 
45" to either of these planes. In passing from the state of 
fig. 100. to that of fig. 101., the bUck lines assume the fonrw 
■howQ iafigf. 102. and 103. 

These systems of rings have, generally speaking, the aawe 

cohirs as those of thin ^ates, or as those of the systems of 

■rings round one axis. The orders rf colors c 

P8 
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centres A and B of each system; bnt at « certain distuira, 
which in Jig. 100. coneBpoidB to the nxth ring, the ringa, in 




place of returning and encircling each 

cle the tvro poles aa an ellipse does its two idcl 

When we diminish the thickneas of the plate of nitie, the 
ringa enlarge ; the fifth rin? will then surround both poles, 
At a less thickness, the fourth ring will surround them, till at 
last all the rin^ will surround boui pales, and the aj^stem will 
have a great resemblance to the sjistem aurronnding one axia. 
TTie place of the poles A, B never changes, hut the blade 
Imes A B| C D become broad and indefinite ; and the whole 

rem is distinguished trom the single ^atem principally bf 
oval appearance of the rings. 

If we increase the thickness of the nitre, the rings will di- 
minish in size ; the colors will loee their resemblance to those 
of Newton's scale; and the tints do not commence at the 
pole4.A, B, but at virtual poles in their proxunity. The color 
of the rings within the two poles is red, and without uiem 
blue ; iad the great bod^ of the ringa is pink and green. 

As the same color cKista in every part of the sane curve, 
the curves have been called iiockromatic linei, or lines of 
eqtial tint. The lines or axes along 'which there is no double 
refraction or polarization, and whose poles are A, B, fig. 100., 
have been called oplieal axtt, or axet of no poiomu/ton, or 
axr.g of compentalion. or rendtanl axet ; because they have 
been found not to be real axea, bnt linea along which the op- 
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pOBJte sctions of other two real KXea have been compeiwUed, 
or destroy me another. 

(119.) Tn various dTBtalliied bodies, anch ta nilTf and or- 
, ragoniie, where the inclination of the remtilant axtt. A, B^ 
fig. lOIX, is BmRir, the two eyatema of rings nuiy be eaailf 
seen at the same time; but when the inclination of the renilU 
ant axes is great, as in lopax, ndfiiate qf iron, izc,, we can 
only eee one of the systems of rings, which may be daae most 
advatb^^oiislf by griodiDg and poliahing two paralle) &cm 
perpendiciiUr to the axis of the tings. In mica and lopai, 
and various otiier crystals, the plane oT most eminent cleaAge 
is equally inclined to the two resultant vtee ; so that in such 
bodies the systema of ringa may be readily found aod easily 
exhibited. 

' Let H N, fi>r example, J^. 101, be a jdate of topaz, cut <x 
^lit so ai to have its fiice perpendicakr to the axis of the 



prism in which this body cijstalliEes. If we jdace this plate, 
Jig. 101., in the apparatus J^. 94. so that the polarized n 



. 106. In like n 

id light is tronami 

e C B do, the eye witl^e ai 
I I other system perfectly similar to the 

I I first ThelinesABeEandCBdD 

I are, therefore, the resultant axes of 
r topaz. The angle ABC willbetband 
equal to about 121" 16'; bwt if we 
compute the inclination of the refract- 
ed rays B d, B e, we shall find it, or 
the angle ij B e, to be only 65° ; which 
is, therefore, tfaie im-UMfinfa of the ip^ 
tkal or FMidhnK axtM of topaz. 
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If we suppose the plate of nitre fixed in any of the poeitions^ 
which give any of the rings shown in Jigs. 100, 101, 102, o/ 
103., then, if we turn round the plate B, we shall oteerve in 
the azimuths of 90° and 270° a system of rings complement- 
ary to each, in which the black cross in Jig. 100. and the 
black hyperbolic curves in Jigs. 101. 103. are white, all the 
other dark parts light, and the red greeny the green red, &c. 
as in the single system of rings with one axis. 

In the preceding observations we have supposed the wJbiI' 
zation of tiie incident light, and the analysis of the transmitted 
light, to be necessary to the production of the rings ; but in 
certain cases they may be shown by common light with the 
analyzing plate, or by polarized light without the analyzing 
plate B, and in some cases without either the light being po- 
larized or analyzed. If in topaz, for example, Jig. 104., we 
allow copimon light to fall in the direction A !^ so as to be 
refracted alon^ Be, one of the resultant axes, and subsequently 
reflected at e from the second suilace, and reaching the eye 
at c, we shall see, after reflexion from the analyzmg plate, 
the system <sf rings in Jig. 105. ; or if A B is polarized light, 
the rings will be seen by the eye at c without an analyzing 
plate. There are several other curious phenomena seen under 
these circumstatidfes, which I have described in the PhU, 
Transactions for 1814, p. 203. 211. 

^ ' I have found some crystals of nitre which exhibit their 
rings without the use either of polarized light or an analyzing 
plate ; and Mr. Herschel has &und the same property in some 
crystsils of carbonate of potash. 

' (120.) When the preceding phenomena are seen by polar- 
ized homogeneous light, in place of white light, the rings are 
bright curves, separated by dark intervals ; the curves having 
always the color of the light employed. In many crystals the 
difierence in the size of the ring^ seen in diferent colors is 
not very great, and the poles A, B of the two systems do not 
greatly change their place ; but Mr. Herschel found that there 
were crystals, such as tartrate of potash and soda, in which 
the variation in the size of the rings was enormous, being 
greatest in red, and least in violet light, and in which the 
distance A B,Jigs. 100. 101., or the inclmation of ^e resultani 
axes, varied from 56° in violet light to 76° in red, the inclina- 
tion having intermediate values for intermediate colors, and 
the centres of all the different systems lying in the line A B. 
When all these systems of rings are combined, as they are in 
usin^ white light, the system of rings which they form is ex- 
ceedmgly irregular, the two oval centres, or the halves of the 
first order of colors, being drawn out with long spectra or 



i^ 



CttA?. XXni* XINdS ttf CRYSTALS Wrt*H TWO AZS8. 177 

tails of red, green, and violet light, and the ends of all the 
other rings being red without t£e resultant axes, and blue 
within. 

Mr. Herschel found other crystals in which the rings are 
inudlest in redt and largest in bliie light, and in which the 
inclination of the axes or A fi is least in red^ and greatest ia 
violet light 

In all crystals of this kind, the deviation of the tints, or the 
colons of the rings seen in white ligh^ from Newton's TaMB 
is very consiHerable, and may be calculated from the preceding 
principles. This deviatioQ I found to be very great, even in 
crystals with one axis of double refraction and one system of 
rings, such as apopkyUile where the rinffs have scarcely any 
other tints than a succession of greenish yellow, and reddish 
purple ones. By viewing these rings in nomogeneous light, 
Mr. Herschel h&B found Uiat the sy^m is a ne^tive one for 
thQ rays at the one end of the spectrum, a positive one for the 
rays at the other end of the spectrum, and that there are no 
rings at all in yellow light 

A similar and equally curious anomaly I have found in 
glauberite^ which is a crystal which has two axes of double 
refraction, or two systems of rings for red light, and one nega- 
tive system for violet light 

(121). All the sinffiQarities of these phenomena disappear, 
and may be rigorously calculated by supposing the resmtarU 
axes of crystals where there are two, or tne single axis where 
there is one, with a ^stem of rings deviating from Newtop's 
scale, as merely apparent axes, or axes of compensation, pro* 
duced by the opposite action of tv>o or more rectangular axes, 
the principal one of which is the line bisecting the angle 
formed by the two resultant axQs. tJpon this principle, I Have 
shown ti&t all the phenomena presiented by such crystals may 
be computed with as much accuracy as we can compute the 
motions of the heavenly bodies. 
The method of doing this may be understood from the fol- 
lowing observationa Let A C B D, 
jig, 106., be a crystal with two axes 
turned into a sphere. Let P, P be the 
poles of the axes, O the point bisectinc^ 
them, and A B a line passing through 
O, and perpendicular to CI), a line 
passing tiirough P, P. Let us siippose 
an axis to pifts through O, perpendicu- 
lar to the plane A C B D, then we may 
account for all the phenomena of sucn 
eiygtals^ by sapposing the axis at O to be the principal one, 
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and the other axis to be along either of the diameters A B or 
C D. If we take C D, then the axes O and C D must be both 
of the same name, either both positive or bo& negative ; but 
if we take A B, the axes must be one positive and the other 
negative ; or, what is perhaps the simplest supposition for il- 
lustration, we shall suppose the two rectan^lar axes whi<^h 
produce all the phenomena to be A B, C D, either both positive 
or both negative, leaving out the one at O. Supposing A O B, 
C P P D to be projections of great circles of the sphere, then 
P, P are the points where the axis A B destroys the effect of 
the axis C D ; that is, where the tints produced by each axis 
must be equal and opposite. ^ Now, if we suppose the arch 
C P to be 60O, then, since A P is 90^, it follows that the axis 
C D produces at 60*=' the same tint that A B does at 90^, and 
eonsequently the polarizing intensity of C D will be to that 
of A B as the square of the sine of w)° is to the square of the 
sine of 60^, or as 1 to 0*75, or as 100 to 75. The polarizing 
ibrce cS each axis hems thus determined, it is easy to find the 
tint which will be produced by each axis separately at any 
given inclination to the axis, by the method formerly explain- 
ed. Let £ be any point on the surface of the sphere, and let 
the tints prodaced tt that point be 9, or the blue of the second 
order, by C D, and 16, or the green of the third order, by A R 
Let the inclmation of the planes passing through A £^ C E, 
or the spherical angle C £ A be determined, then the tint at 
the point £ will correspond to the diagbnal of a parallelogram 
whose sides are 9 and 16, and whose an^le is double the angle 
C fi A. This law, which is general, and applies also to double 
refraction, has been confirmed b^ Biot and Fresnel, the last 
of whom has proved that it coincides rigorously with the law 
deduced from the theory of waves. 

K the axes A B, C D are e<}ual, it follows that they will 
produce the same tint at equal mclinations ; that is, they wfll 
compensate each other only at one point, viz. O, and will pro- 
duce round O a system of colored rin^ the very same as if 
O were a angle axis of double refraction of an opposite name 
to A B, C D. If the axis A B has exactly the same propor- 
tional action that C D has upon each of the differently colored 
rays, a compensation will take place fdt each color exactly at 
O, the centre of the resultant systems of rings, and the colors 
will be exactly those of Newton's scale. But iS each axis ex- 
ercises a difilerent proportional action upon the' colored rays, a 
compensation will take place at O for some of the rays (for 
violet, for example), while the compensation for red will take 
place on each side of O ; consequently, in such a case the 
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hrystal will have one axis for violet light, and two axes for red 
light, like glauberite. 

The phenomena of apophyUite may, iir a similar manner, 
be explained hy two ^ual negative axes, A B, C D, and a 
positive axis at O. • 

According to this method of combining thft action of di^ 
ferent rectangular axes, it follows that three eqnal and rectan- 
gular axes, either all positive or all negative, will destroy one 
another at every point of the ^here, and thus produce the 
very same efiect as if the crystal had no double refraction and 
polarization at alL Upon this principle I have explained the 
absence of double refraction in all the crystals which fonn the 
tesBular system of lifehs, each of the primitive forms of whiclv. 
has actually duree similarly situated and rectai^gular axes, if 
one of these axes is not precisely equal to the other, and the 
crystallization not perfectly uniform, traces of double refrac- 
tion will appear, which is round to be the case in muriate of 
sodoj diamond^ and other bodies of this class. 

(122.) The following table contains the polarizing inten- 
sities of some crystals with two axes, as given by Mr. Her- 
schel: — 

Pdarixing Intennttes cf CryttaU Vfith Two Axes. 



• 




ThtckMHM IhH 

prodon tbt wum 
Tint. 


Nitre - . ........ 


7400 

1900 

1307 

521 

249 


0-000135 
0-000526 
0*000765 
0-001920 

0*004081 


XI 114 o - . ........ 

Anhydrite, incUnation of axes 43^ 48^ 
Mica, inchnation of axes 45^, ... 

Sulphate of baryta 

Heulandite (white), indination of I 
axes 54° ir J 



CHAP. XXIV. 

INTEftFERElfCB OV POULRIZED LIOHT.— ON THE CAUSE OF THB 
OOLOBS OF CRVSTTALUZED BODIBB. 

(12S.) Havhio thus described the principal phenomena of 
the colors produced by regularly crystallized bodies that pos* 
sess one or ttoo axes of double refraction, we shall proceed to 
explain the cause of these remarkable phenomena. 

jDr. Young had the great merit of applying the doctrine of 
interference to explain the colors produced by double refrac- 
tion. When a pencil of light falls upon a thin plate of a 
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doably refracting crystal, it is separated into two, which move 
through the plate with different velocities, corresponding to 
the different indices of refraction for the ordinary and extra- 
ordinary ray. In calcareous spar, the ordinary ray moves 
with greater velocity than the extraordinary. on6 ; and there- 
fore uiey ought to interfere with one another, and in homo- 
geneous light produce rings consisting of bright and dark cir- 
cles round the axis of double refraction. According to this 
doctrine, however, the rings ought to be produced in common 
as well as in polarized light; but as this was not the case. Dr. 
Young's ingenious hypoAesis was long neglected. The sub- 
ject was at last taken up by Messrs. fresnel and Arago, who 
displayed great address in their investigaticm of the subject, 
jand succeeded in showing how the production of the rings de- 
pended on the polarization of the incident pencil and its sub- 
sequent analysis by a reflecting plate or a doubly refracting 
prism. 

' The following are the laws of the interference of polarized 
light as discovered by MM. Fresnel and Arago: — 

1. When ttoo rays polarized in the same plane interfere 
with each other, they wiU produce by their interference fringes 
of the very same kind as \f they were common Ught. 

This law may be proved by repeating the experiments on 
the inflexion of light, mentioned in Chap. XI., in polarized in 
place of common li^ht; and it will be found that the very 
same fringes are prcxluced in the one case as in the other. 

2. When two rays of light are polarized at right angles 
to each other, they produce no cc^ed fringes in the same ctr- 
cumstances under which two rays of common light would 
produce them. When the rays are polarized at angles inter- 
mediate between 0° and 90°, they produce fringes of in^er-^ 
mediate brightness, the fringes being tottdly Miterated at 
90°, and recovering their greatest brightness at 0°, as in 

'Law 1. 

In order to prove this law, MM. Fresnel and Arago adopted 
several methods, the simplest of which is the following, em- 
ployed by the latter. Having made two fine slits in a thin 
61ate of copper, he placed the copper behind the focus F of a 
lens, as in Jig. 56., and received the shadow of the copper 
upon the screen G X), where the fringes produced by the inter- 
ference of the rays passing through the two slits were visible. 
In order, however, to observe the fringes more accurately, he 
viewed them with an eye-glass, as formerly described. He 
next prepared a bundle of transparent plates, like either of 
those shown at A and B,^. 93., made of fifteen thin films of 
ifMca or plane glass^ and he divided this bundle into two, by 
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ft Bharp ottttffig iii0tniBiei>t M 4he hm of dbum tlieee 
bundles had as nearly as possible the same thJcknesBi and they 
were capable of polarisinf cooipletely light incident upon 
them at an angle of 30^., Theee bundles were then placed 
befi>re the slits so «s to receive aad traannit the rayb from the 
fecufl F at an incidence of 80°, and through portions of the 
mica in each bundle that were veary near to each other pre- 
vious to their separation. The bundles were also fixed to re- 
volving fram^ so that^ Inr lunikig either bundle round, their 
planes of pelansatiea eou{d be ams either parallel or at rij^ht 
angles io each other, or could be inclined at any intermediate 
angl& When the bundles w^e i^aced so as to polarize the 
rays in parallel planes, the firiagea were formed by the slits 
exactly as when the bundles were removed; but when the 
rays were polarised at 90°, or at right angles to each other, 
tiie fringes wholly disappeared. .Jh all intermediate posi t iopa 
the fringes appeared with int^mediate degrees of brightnefls. 

3. 7W rayM crigintdljf polarixed at right ^ngjes to each 
ether way he subsequently brtmght into the same fiane <tfpth 
iarisation, without acquiring the power t^formmg fiif^s 
hy their intetferencC. 

If, in the preceding experiment, a douUy refracting ciyatal 
be plaped between we eye aod ^e copper slita, wing its 
princ^ji section inclined 45° to either of the planes ^f polari- 
zation of the inter^ring rays, each pencil will be aqpanled 
into two equal ones polarized in two rectangular planes, oae 
of which planes is the principal section itself. Two systems 
of fringes ought, thererore, ta be jNroducod ; one a^atem from 
the interference of the ordinary ray from the ri^iu hand dii 
with that of ^the ordinary ray from due left hand slit, and an-' 
other system* from tiie intoference of the extnaerdtmiry ray 
fr^im'ihe right Jumd slit with the extraord in ar y ray fr^sis 
left hand slit ; but no such fringes a«e produced. 

4. Two rays polarized at right angles to each other, and 
^ 4^ierwards brought into similar planes o/* polmrviatkm^ pro- 

duce fringes by their interfereTtee like rays of commom l^s^ 
profnded they belong to a pencHy the whole uf wkieh was 
or^inaUy pmarixed in the same plane. 

5. In the phenomena of interference produced by rays that 
have suffer^ double refraction, a d^ffsrence of half an undu- 
lotion must be allowed, as one of the pencils is retarded by 
that qtumtityfrom some tmknown cause. 

The second of these laws afibrds a direct explanation of 
the fact which perpiexed Dr. Young, that ho fringes are ob* 
aervftd when light is transmitted tteough a thin plate poaseM- 
ing dovjble refraction. The two pencila thus produced do not 

Q 
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foiin fringes by tlieir interference, because they are polarized 
in opposite planes. 

The production of the fringes by the action of doubly re- 
fracting crystals on polarised light may be thus explained. 
Let M N,fig. 107., 'be a section of the plate of sulphate of 
jf^. 107, lime, C E D P, fig. 94., and B the ana- 

* lyzing plate. Let R r be a polarized 

y^ ray incident upon the plate M N, and 
jy let O and E be the oniinary and ex- 
o j^ ^ traordinary ra3rs produced by the 
E ^jpB double refraction of the plate M N. 
When the plate M N is in such a po- 
S sition that either of its neutral axes 

C D, E F, fig. 94., are in the plane of primitive polarization 
of the ray R r,fig. 107., then one of the pencils will not suf- 
fer refl^on' by the plate B, and consequently only one of the 
rays will be reflected. Hence it is obvious that no colors can 
be produced by interference, because there is only one ray. 
But in every other position of the plbte M N, the two rays, 
O s, E s, will be reflected by the plate B ; and being polarized 
by the plate in the same plane, they will, by Law 1., interfere, 
and pr(^uce a color or a fringe corresponding to the retardation 
of one of the rttys within the plate, arising from the difference 
of their velocities. If we call d the interval of retardation 
within the plate M N, we must add to it half an undulation 
to get the real interval, as one of the rays passes from the or- 
dinary to the extraordinary state. If we now suppose the 
plate B to make a revolution of 90^, M N remaining fixed, 
then the i^y E will be reduced to the ordii^ary state ; and con- 
sequently we must subtract half an undulation from d, the in- 
terval of retikrdation within the plate, to have the real differ- 
ence of the intervals of retardation. Hence the two intervals 
of retardation will difler by a whole undulation ; and conse- 
quently the color produced when the plate B has been turned 
round 90^, will be complementary to that which is produced 
when the plate B has the position shown in^^. 107. 

If we suppose the rays E and O to be received upon and 
analyzed by a prism of Iceland spaf, we shall have* two or- 
dinary rays interfering to form the colors in one image, and 
two extraordinary rays interfering to -produce the complement- 
ary colors in the other image. 
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OS THB miaSIZINO tnUVCTTBE OP AHALCHE. 

(134.) lit a prepedin^ chapter I have meDticned the very 
remarkable double re&icticHi which is possees^ bj analcime. 
fbis mineral, which is also called cubixile, has been regarded 
by mineralogists as having the cube Sir ita primitive form ; bul 
if this were correct, it should have ezhiluted no double refrac- 
tion. Analcime has certainly no cleavage plaoea, aod it must 
be regarded at present as tbrming in this respect as great an 
uionul; in cryHallogiaphy aa it doea in i^tics b; its estrar 
ordinary optical j^nomena. 

The moat cmunon form of the analcime is the solid called 
Hie ioositelrahednm, which is bounded by twenty-fiiur equal 
and similar, trapezia ; and we may regard it as Mrived fnan 
Uie cube, by cutting off each of its angles by three phincs 
equally inclined to the three ftces which contaiB the solid 
angle. If we now conceive the. cube to be dissected by plaoea 
[MHHJnjr throogii all the twelve diagiKuls of ita six &ces, each 
of th^ [danes will be found to be a plane of no double re- 
fi«ctioa, or pokrization ; that ie, a ray ol polarized light tians- 
mitted in any direction whatever, provided it is in one d* these 
planes, wiU exhibit oone of the polarized tmts when the 
crystal la placed in the apparatus, fig. 94. These planes nf 
BO double te&action axe ^wn by dark lines in &-i. 106. and 
fV- IDS. 109. If th« polarized raj is in- 

cident in any directjon which 
is out of these planes, it will 
be divided into two pencils, and 
exhibit the finest tints, all of 
which are rehited to the planes of 
no doable re&action. The double 
**■ ""■ refraction is sufficiently great to 

admit a distinct separation cf the 
images when the incident ray 
paases through any pair of the 
ibur planes which are adjacent to 
, the three axes of the scflid, or of 
L the cube frran which it is derived. 
f The least re&acted image is the 



quentl^ the double refraction ia 
vegaltve in relation to the axes 
to which the doubly re&acted ray 
is perpendicular. 
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In all other doubly refractiii|f dyataky oach pcrtide has the 
same force of doable reffaefloQ ; bat in the analciine, the 
dooble refractkni of each particle varies with the square of its 
distance from the phmes already described. 

The beaotilhl disbribntioa of the tints ahown in J^a 1€6. 
and 100. cannot, of coofse, be exhibited to the' eye at oDee, 
1^ are deduced by transmittang pcteiaed l^ltt in everjr 
dveotioB through the minenL 

£d several ef the cr3rsCala^ the tints rise to the tfaiid and 
^Nirth mtdet; bat when the oryscys are very small, the tintn 
do not exceed the white of the fiist ordor. The tints aie ex- 
aetiy those of Newton's scaler which indicatep that they aier 
not the result of opposite and dissimilar actiona hiJlgM, lOd. 
and 109. ^ tints are represented by the &int shaded Mnes 
having their origin ftom tiM planea where the deaUe ze£hbo> 
tion disappesrsL 

The pfoeeding property of analcime is & siniple and casily^ 
ap^ied mineralogical chaiaetef, which would; identify the most 
ahftpeleas fiagment olt the minefaL 

The afei)^ thxiy ftrst observed in this mmend ilft property 
of ykkikag no electricity by flriction, and disrived thie nnne df 
analcime &om its want of this piniperty. When we consider 
that the ciystal is intenected % numeioaa pJaoes,. in wfaiBh> 
the^ethtt' does not exist at aU^ or has itapiop«tks oratmhized) 
bgr^opposile actions, we may aeoribe to this cause tic diffieakjp 
with whtoh ftiotion decon^poses th» ntond qumlity of eleo^ 
tntitf tesiding in the ninttaL 
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oir onumiVAB wolaxszatiov. 

(135). In all crystals with one axis there is neither double 
renactioa nor poliuization alooff the axis ; and this is indicated 
in the system of rings» by the disappearance of all light in the 
centre of the rings at the intersection d the black cross. 
When wo examine, however^ the system of rings produced 
by a plate c^rock crystal whose fiices are perpendicukr to the 
axis, we find that tne black cross is oblitemtMl within the 
inner ring, which is occupied with a uniform tint of red, 
green, or blue, according to the thickness of the plate. This 
effect will be seen in Jig. 110. M. Arago first observed 
these colors in 1811. He found that when they were analyzed 
by a prism of Iceland ^nlt, the two images Imd -complementary 
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^mIoib, and that the coIots cbanged, desceddiag in Newtdo's 

fif. ho. scale as the prism revolved ; bo that if 

the color of the extraordimiy image 

was red, it became in Buoceesion orange, 

yellote, green, and violet. From Uiia 

(result he concluded, that the difierently 
colored ra^s had been polarized in dit' 
ferent [danes, by paaaing along the axis 
of the rock cryetiu. In this state of the 
subject, it was taken up by M. Biot, who 
iuTestigated it with much ragacity and 
success. 
Let C E D F be the plate of qn^tz, fig. 94., along whose 
axis a polarized ray, r«, is transmitted. When the eye is 
placed at O, above the analyzing plate fixed as in the figure. 
It will see, for example, a circular red space in the centre of 
the rings. If we turn the quartz round its axis, no change 
whatever takes place ; hot if we turn the plate, B from right 
to left, through an angle of 100° for example, we shall observe 
the red change to orange, yellow, green, and violet, the latter 
having a dark purple tujge. If we now cut from the same 
prism of rock crystal another pkte of twice the thickness, and 

Jiace it in the apparatus, the plate B remaining wher& it was 
ift, we shall find that its tmt is different from that of the 
fiitmer plate ; but by turning the plate B 100° ferther, we 
shall again bring the tint to its least brightness, viz., a sombre 
vkdeL By a pk.te thrice as thick, the least brightness will 
be obtained by fuming the plate B 100° ferther, and soon, till, 
when the thickness is very great, the plate B ma; have maile 
several complete revolutions. Now, it might happen that a 
thickness had been taken, so that the rotation of B which pro- 
,duced the sombre violet was 360°, or terminated in the point 
0°, from which it set out, which would have perplexed the 
, observer, if he had not made the succession rf experiments 
which we have mentioned. 

This phenomenon will be better understood, by supposing 
that we take a plate of qaarCz Ath of an mch thick, and use 
the different homogeneous rays (d the spectrum in suci 

BeginniM' with red, we shall find that the red light „. 

centre of the rings has its maximum brightttets when the 
plateBisatO°of azmiuth,asin^.9t If we turn B from 
right to Iffi, the red tint will gradually decrease, and after a 
rotation of 17^° the red tint wUl wkoSy vanith, Imving reach- 
ed its minimum. With a pkte ^ths thick, the red will 
vanish at 35°, every additional ducKness of the 25th of an 
inch requiring an'additional rotation of 174°^ If the lisht k 
Q2 , 



)W A nuuffsn ON ofidcs* rxar n. 

Miifj the flsme thickneaB, viz., ^th of an mch^ will require m 
.rotatum- of 41^ to make it vanish, every additioiial 25th of 
an inch of thickness reqairmg a rotation of 41^ more. 

(126.) The rotations fbr diflferent colors corresponding to 1 
millimetre^ or ^th of an inch of quartz, are as follows >— 





Am of 




aiittNiMk 


extreme red 

Mean red 

Limit of red And orange - 

Mean o^anxe 

Limit of orange and yellow 

Mean yellow 

Limit of yellow and green- 
Mean green ... 


no 30' 

19 00 

30 89 

31 34 
83 19 

34 00 

35 40 
37 5t 


Limit of green and blue - 

Mean blue 

Limit of bine and indigo 
Mean indigo .... 
Limit of indigo and violet 

Mean Tiolet 

RitreiM violet 


30O03' 
33 19 
94 34 
'» 07 
37 41 
40 53 
44 05 



Upon trying various specimens of quartz, M. Biot found 

, that there were several in which the very same irfienomeMi 

were produced by turning the plate B from left to' ri^hi. 

Hence, in reference to this property, quartz may be divided 

into right-handed and left-handed quartz. 

From these interesting facts it follows, that, in pasaingf 
along the axis of quartz, polarized light comports itself at ito 
egress from the crystal, as if its planes of polarization revolved 
in the direction of a spiral within the crystal, in some speci- 
mens from right to left^ and in others from left to right* " To 
conceive this distinction," says Mr. Herschel, *• let Sie reader 
take a common cork-screw, and holding it with the head t(h 
wards him, let him turn it in the usual manner as if to pene- 
trate a cork. The head will then turn the same way as the 
plane of polarization of a ray, in its progress fl'om the spec* 
tator through a right-handed crystal, may be conceived to da 
If the thread of the cork-screw were reversed, or were what 
is termed a left-handed thread, then the motion of the head 
as the instrument advances would represent that of the plane 
of polarization in a left-handed specimen of rock crystal." 

From the opposite characters or these two varieties of quartz, 
it follows, that if we combine a plate of right-handed with a 
plate of teft-handed quartz, the result of the combination will 
be that of a plate of the thickest of the two, whose thickness 
is equal to the difference of the two thicknesses. Thus, if a 
plate ^th of an inch thick c^ right-handed qtutrtzi^cattiibia&A 
with a plate Aths thick of left-handed quartz, the same colors 
will be produced as if we used a plate o^ths of an inch 
thick of left-handed quartz. When the thicknesses are equal, 
the plates of course aestroy each other*s effects, and tiie sys- 
tem of rings with the black cross will be distinctly seen. 

(1^.) In examining the phenomena of circular polarization^ 
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in tiie ameihi^f I iband that it poBKwed the power in the 
same 8pecim<en of turning the planes of polaritation both 
from r^ht to left and from left to right, and that it actoally 
consisted of alternaie strata cf right and I^ft4umded quartXj 
whose planes were parallel to the axis of double refraction of 
the prism. When we cat a plate perpendicular to the axia of 
the prism, ^e therefbre cut across these strata, as shown in 
Jig, lll.f which exhibits sections at the strata which occur 
Fig, 111. opposite the three alternate fitces of the 

six-sided prism. The shaded lines are 
those which turn the planes of polariza- 
tion from ^r^ht to left^ while the inter- 
mediate unshaded ones and the three un- 
shaded sectOTs turn them from left to 
right. These strata are not united to- 
gether like the parts of certain composite 
crystals, whose disnmilar fkces are 
brought into mechanical contact ; for the 
right and left-handed strata destroy each 
other at the middle line between each stratum, and eadi stra^ 
tum has its maximum polarizing force in its middle line, the 
force diminishing gradually to l£e lines of junction. 

ixL some specimens of amethyst the thickness of these strata 
is so minute, that the action of the right-handed stratum ex* 
tends nearly to the central line of the left-harided stratum, 
and vice ver«d, so as nearly to destroy each other ; and hence 
in such apecimens we see the system of colored rings with 
the black cross almost entirely Uninfluenced by the tints cS 
ctrcuJtoM' polarization. A vein of amethyst, therefbre, ^th of 
an inch thick in the direction of^the axis, may be so thin in a 
direction perpendicular to the axis that the arc of rotation ht 
the red ray may be OP ; and we shall have the curious phe- 
nomenon of a plate which polarizes circularly only the most 
refrangible rays of the spectnim. By a greater degree of 
thinness in the strata, liie plate would be incapable of polar* 
izing circularly the yeHow ray ; and by a greater thmness 
still, there would be no action on the violet light These 
feeble actions, however, might be rendered visible at great 
thicknesses of jthe mineral. 

We may therefore conclude that the axes of rotation in 
amethyst vary from 0^ to each of the numbers in the preceding 
table, accordmg to the thickness of the strata. 

The cobrin^ matter of the amethyst I have found to be 
curiously distributed in reference to these views ; but I must 
refer to the original memoir for fiirther information.'^ 

* Edinkinrgk TfMaactktnM^ vol. ». p. 139. 
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M. Biot ^Qftintttned that this remib*kable property of quartz 
resided in its ultimate particles, and accompanied them in all 
their combinationa' I have found, however, that it is not pos- 
sessed by opal^ tabasheer^ and other silicious bodies, and that 
it disappears in melted quartz* Mr. Herschel also found that 
it does not exist in a solution of silica in potash. 
Fig 113. Hitherto no connexion could be traced between 
^ ^ the right and left-handed structure in quartz, and 
y^V the crystalline form of the specimens which possess- 
/L\S^ «d these properties. Mr. Herschel, however, dis- 
"v vl covered that the plagiedral quartz which contains 
unsymmetrical faces, x x x^fig, 112., turns the planes 
of polarization in the same dilution in which these 
feces lean round the summits.A xx, axx. 

Circular Polarization in Fluids, 

(128.) The remarkable property of polarizing light circu- 
larly occurs in a feeble degree in certain flui£, in which it 
was discovered by M. Biot and Dr. Seebeck. Mr. Herschel 
has found it in camphor in a solid state, and I have discovered 
it in certain specimens of unannealed glass. If we take a 
tube six or seven inches long, and fill it with oil of turpentine, 
and place it in the apparatus. Jig, 94., so that polarized light 
transmitted through the oil may be reflected to the eye from 
the plate B, we shall observe the complementary colors and a 
distinct rotation of the plane of polarization from rigkt to left. 
Other fluids have the property of turning the planes of polari- 
zation from left to right, as shown in the following table, 
which ccmtains the results of M^ Biot*s experiments. 

CrysUds vyhich turn the Planes from Bight to L^L 



Rock ciyjital 

Oil of turpentine 

Solution of 1753 parts of artificial camphor \ 

in 17359 of alcohol ) 

EsBoitial oil of laurel. 
; turpentine. 



Arr of Rotation 
Ibr •▼crjrUth 
of an Inch in 
Thirki 



180 25' 
16 

01 



RetatiTc Thirk- 
nciM* that 
prodnce the 
aame KfiKC 



1 

68^ 



Crystala which turn the Planes from Left to Bight 





AreorBotatiqa 
for every SSth 
of an Inch in 
Tblokneaa. 


R«latlTe Tbick- 

ncHM that 

' prodDM tli« 

•ame EfltaeL 


Rock crystal i--- 

Essentuil oil of lemons 

Concentrated sjrrup (from sugar) . . . > 


180 25' 

26 
33 


1 

38 
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In examiniBg^ tbese pbeBomeii*, M. FtcvwldiacoTaed tbtt 
ID quutz tbey were produced bj tbe interference e( two 
pencils fanned by dcnible redaction tloDg tbe •zk of the qnutE. 
He succeeded in sepBratiiw these two feaaia, which di^r 
bodi from commcsi and pnbriied liglit Tbej iHlet from 
pidaiized light, because wbm either of them i* douUed In » 
dcmbly re&icting crfsta], the pencil or image never vuinhes 
during the revrfutian of the cryetal. The; di&r bora com- 
mon light, becduee when the; eaSa two ttrtal leflezkau from 
^asK, st an angle of about 64°, the one will emerge {ndarized 
m a plane inclined 45° to the right, and the olbei in ■ plane 
45° to the left, of the T^ne aC total refleaion. H. Freanel 
has also discovered the foUowing pnjperties of a circularl; 
polarized rav : — When it ia tnmantilted through a thin douUf 
refracting ^te pajalM to its axis, it i9 divided into two 
pencils with coraplemmtar; cotora ; and these colors will bo 
an exact quarter of a tint, or an chlet ot ccdors, either h^hu' 
or lower in Newton's seide, than the color which the nroe 
crjstaJlixed [date would have given b; polariied light it. 
Presnel also proved that a circtilari; .polariied rav, when 
transmitted along the axis of rack cnrsl^ will not eautnt the 
comjrfementary wJors when analyied. 

(129.) In the prosecution crf'tius onriouasulfject, M. Fremd 
discovered the following method of producing a ra; pcosewog 
all the above properties, and tberefbn eiactl; similu Ut am 
of the pencils produced by circular double retraction. Let 
ABC D,J^. 113., be a paraUelopiped of crown g1asB,'Whi:iee 
index (f re&action is 1-510, and whose angles ABC, ADC 
ace each 54J°. If a conimoD polarized raj, R r, is incident - 
iV' ]>3- perpendicuUil; upon A B, and emer^ 

perpendicularly from C D, after having 
eaastei two tcMal refiexioDs at B and P, at 
t angiee of 51)° ; and if these reSesions are 
perfbmed in a [^e Inolioed 45° to the 
plane of palarizatiaa of the ray, the «uer- 
^ent lay F G will have all the prmerties 
of a circularly pderiied ray, resMoUing in 
every reniect aaa (^ those produced by 
diHiUe refiaction altHig the axis of rock 
crystal. But aa this circularly pcJarized 
ray amy be restored to a single plane of 
pcJariiation, inclined 45" to the plane of reflexiw, hv two 
total refiexious at 54^°, it fcdJows, and 1 have verified the re- 
sult by observation, tint if the poralleli^i^ied A B C D is 
Bqfficientlj long, the pmcil will eme^e eircalaily polariied^ 
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at S, 6, 10, 14, 18 reflexions, and poUamed in a single plane 
after 4, 8, 12, 16, 20 reflezion& 

M. Fresnel proved that the ray R r would emerge at G, 
circularly polarized by three total reflexions at 69° 12', and 
four total reflexions at 74° 42'. Hence, according to the pre- 
ceding reasoning, the ray will be circularly polarized by,d» 
16, 21, 27, &c. reflexions at 69° 12', knd restored to common 
polarized light at 6, 12, 18, and 24 reflexions at the same 
angle ; and it will be circularly polarized by 12, 20, 28, 36, 
^. reflexions at 74° 42', and be restored to common polar- 
ized light by 8, 16, 24, 32, &jc. reflexions. 

I have found that circular polarization can be produced by 
2^ 7^, 124, &c. reflexions, or any other number which is a 
multiple or 2| ; for though we cannot see the ray in the mid- 
dle of a reflexion, yet we can show it when it is restored to a 
single plane of polarization, at 5, 10, 15 reflexion&* When 
we use homogeneous light, we And that the angle at which 
circular polarization is produced is different for t£e differently 
colored rays; and hence these difllerent rays cannot be restored 
to a single plane of polarization at the same angle of reflexion. 
Complementaiy colors will therefore be produced, such as I 
described long ago, and which, I believe, have not been ob- 
served by any other person.t These colors are essentially 
difierent from those of common polarized lig^t, and will be 
understood when we come to explain those of elliptical polar- 
ization. 



CHAP. XXVIL 

ON BLUFTIOAL POIiABIZATlON, AND ON THE ACTION OF 

METALS UPON LIGHT. 

On EUipticid Polarization, 

(130.) The action of metals upcHi light has always present- 
ed a troublesome anomaly to the philo^pher. Malus at first 
announced that they produced no efiect whatever; but he 
afterwards found that the difierence between transparent and 
metallic bodies consisted in this, — that the former reflect all 
the light which they polarize in one plane, and refract all the 
light which they polarize in an' opposite plane; while tnetaUic 

bodies reflect what they polarize in both planes. Before I was 

-■ ' ,^ 

* See Phil. TraTUMtions, 1830, p. 301. 
t See P/Ul. Transactioiu, 1830, p. 309. 325. 



acquainted with any of the expenments of MaliiSy I had feond* 
that light was modified by the action of metallic bodies; and 
that, in all the metals which I tried, a great portion of ligbt 
ij^as polarized in the plane of incidence. In Febraary, 1815^ 
I discovered the curious piopertv pofisessed by nlver and gM 
and other metals, of dividing polarized rays into their complex 
mentary colors by successive reflexions : but I was misled by 
some of the results into the belief, that a reflexion flrom a 
metallic surface had the same eflect as a certain thielaiess of 
a ciystallized body; and that the polarized tints varied with 
the angle of incidence, and rose to higher orders, by increasing' 
the number of reflexions. ' M. Biot, in repeating my expert* 
men^ and in an elaborate investigation of the phenomena,t 
was misled by the saime causes, and has given a lengthened 
detail of experiments, fi)rmulfe, and speculaticms, in wbidi aU 
the real phenomena are obscured and confounded. Althougk 
I had my &11 share in this rash generalization, yet I never 
viewed it as a correct expression of the phenomena, and I 
have repeatedly returned to the subject vrith the most anKiouB 
desire of surmounting its difficulties. In this attempt I have 
succeeded ; and I have been enabled to refer aU the phenOTQ^aa 
of the action of metals to a new species of) polarization, whicb 
I have called elliptical pclarizatixmj and which unites the two 
classes of phenomena which constitute drcular "and reetUineiU 
polarization. - 

(131.) In the action of metals upon common light, it is easy 
to recognize the &ct announced by Malus, that the light 
which Uiey reflect is polarized in different planes. I hav» 
feund that the pencil p(darized in the plane of reflexion is 
always more intense than that polarized in the perpendicular 
plane. The difference between these pencils is least in silver, 
and greatest in galena, and ccnisequently the latter polarizes 
more light in the plane of reflexion than nlver. The following* 
table shows the eaeci which takes phce with other metals : — 

Order in which ihe Metah polarize most Light m the Plane of 

Reflexion. 



Galena. 


Hte^. 


Lead. 


Zinc. 


Grey cobalt. 


Speculum metal. 


Arsenical ^cobalt. 


Platinum. 


'Iron pyrites. 


. Bismuth. 


Antimony. 


Mercury. 



Copper. 


Fine goM. 


Tin plate. - 


Common silver. 


Brass. 


Pure silver. 


Grain tin. 


Total reflexion 


Jeweliers' gold. 


firom glass. 



* Treatise on JVeto Philoe. Tnetruments, p. 347. aad FreftfiCt. 
t Traiti de Physique, torn. iv. p. 579. 600. 
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By incMftfling' the numb^ of reflezioiiB, the wfade of the 
incident light naty^he polarized in the plane of reflexion; 
Eight reflexions fhHn plates of steel, between 6(K* and 80<>/ 
poUrize the whole light of a wax candle ten feet distant An 
increased namber of reflexions [above 36] is necessary to do 
this with pave silver; and in total renexions ftom glaasy 
where the ciretto pfdarization begins, and where the two 
pencils are equal, &e ^ect cannot be produced by any number 
of reflexion& 

In-order to examine the aetioa of metals upon polariied 
light, we must provide a pair of plates of each metal, flatly 
ground and highly polished, and eadi at least li inch long 
and half an inch broad. These parallel [^tes should be fi^nd 
upon a goniometer, or c^ber divided instrument, so that one 
of the plates can be made to a]4>roacb to or recede from tUs 
other, and so that their surfiices can receive the pohirized ray 
at different angles of incidence. In place of giving tiie plates 
a motion of rotation round the polarized ray, I have ^nd it 
better to give the plane of pobrization of the ray a motion 
round the plates, so that the planes of reflexion and of polari- 
zation may be set at any requu*ed angle. The ray reflected 
from the plates one or more times is then analyzed, either by 
a plate of 'glass or a rhomb of Iceland spar. 

When the plane of reflexion from the plates is either par^ 
aUd or perpendicular to the plane of primitive polarization, 
the reflected li^t will receive no peculiar modification, ex- 
cepting what arises from their property of polarizing a portiott 
of light in the plane of reflexion. But in every other position 
of the plane of reflexion, and at every angle of incidence^ 
and afier any number of reflexbns, the pencil will have re- 
ceived particular modifications, which we i^all proceed to 
explain. One of these, however, is so beautiful and striking, 
as to arrest our immediate attention. When the plates are 
miver or' gxtld, the most brilliant; complementary*' colors are 
seen in the ordinary and extraordinary images, changing with 
the angle of incidence and the number of reflexions. These 
colors are most brilliant when the plane of reflexion is in- 
clined 45^ to the plane of yicidence, and they vanish when 
the inclination is 0° or 90^^. All the other metals in the table, 
.p. 191, give analogous colors ; but- they are most brilliant in 
silver, and dimini^ in brilliancy from silver to galena. 

In order to investigate the cause of these phenomena, let 
us suppose steel plates to be used, and the plane of the polar- 
ized ray to be inclined 45° to the plane of relBexion. "At an 
incidence of 75P thejight has suffered some physical change. 
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which is s inuimum at that angle. Tt is oat polarized U^t, 

because it does not vanish durbg the revdntion of the ana-' 
lyzin? plate. It ie neither paitiallj polarized light nor taat- 
mon light; because, when we reflect it a eecond time at 75°, 
it ie restored to tig-ht polarized in one plane. If we transmit 
uia lig-ht reflected tram steel at 75° along- the axis of Iceland 
spar, the system of riogg ehowa injSf ■ 96. is cbaoged into the 
^atem shown inj^. 114, as if a thiB film of a crystallized 
f^. 111. ^"^y which polarizes the blue of the ' 

first wder had crossed the Ejsteai. If 
we substitute fiir the calcareous spu- 
films of sulphate of lime which rtre 
different tinta, we shall tind that these 
tints are increased in vaioe bjr a quan- 
tity nearly equal (o aquarterofktint, ' 
according' as the metallic actica eo)it> 
eides with or opposes that of the ern> . 
tal. It was on the oathttfitj d* Om 
experiment that I was led to belie?e 
that metals wstcd like ciy^lized plates. And when I found 
tiiat the colors were better developed and more pore aftei 
fluccesaive reflezicos, I tashlj' concluded, as M. Kot also did 
aiUr me, that each successive refieiuon ccvresponded to an 
additional thictmess of the film. In order to prove the ems' 
of this opinion, let as trannnit the light refiected S, 4, flv S 
times from steel at 75° along the aiis of Iceland spar, and ■»• 
shall find that the Byelem of rings ia perfect, and that the 
whole of the light is polarized in one plane ; a result absolateljr 
incompatible with the supposition of the tinta rising with the 
number of reflexions. At It 3, 5, 7, S, 11 refleziona, the ti^ 
when transmitted along the axis of Iceland mar will fnoducb 
an eSbct equal to near!} a quaitei of a tint, beyond which it 

I now conceived that light reflected 1, 3, 5, 7, 9 times firom 
steel St 75° resembled circularly polarized light In circularly 
polarized light produced by dm total reflexions IVop glass, tile 
ray OTiginaUy polirized + 45° to the plane of refleTfiiM ie, by 
the two reflexions at the sante- aqgle, restored to light polarized 
— 45° to the place of reflexion ; whereas in tleet, a ray polar- 
ized + 45°, and reflected once fivm steel at 75°, is restm^ b^ 
another reflexion at 75° to light polarized — 17°. 

With different metals the seme effect is prodncad, hot the 
inclination of the plane of pdarizatiou of the restored lay is 
difierenl, aa the fbilowiiig table shows: — 
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Total KeAezlou. 


lacHwttanf 

arrestondi 

lur. 1 


Totel Keflcxiona. 


ladiaallatt 
ofrwtond 
luy. 


From glass - - •> 
Pure silver - - • 
Common silver - • 
Fine gold - - ' - - 
Jewellers' gold • ' 
Grain tin - - - . 
Brass ----- 
Tin Plate - - - . 


ft 


450 0*1 Bismuth - . - - 
3948 Speculum metal ■ •> 

36 Zinc 

35 Steel 

33 Iron pjrrites - - - 
33 Antimony - - - 
32 ArsemcaJ cobalt • 

31 Cobalt 

29 Lead 

26 r Galena - - -• - 
22 Specular iron, - - 


210 0' 
21 
1910 
17 
14 
16 15 
13 
12 30 
11 
2 



v/opper - - - - < 
Mercuiy - - • • 
Platinum - - - • 

L, 



In total reflexions, or in circular polarization, the circularly 
polarized ray is restored to a single plane by the same number 
of reflexions and at the same angle,9i which it received cir- 
cular polarization, whatever be the inclination of the plane of 
the second pair of reflexions to the plane of the first pair ; but 
in metallic polarization, the angle at which the second re- 
flexion restores the ray to a single plane of polarization varies 
with the inclination of the plane of the second reflexion to the 
plane of the first reflexion. In the case of total reflexions, 
this angle varies as the radii of a circle ; that is, it is always 
the same. In the case' of metallic polarization, it varies as 
the radii of an ellipse. Thus, when the plane of the polarized 
ray is inclined 45° to the plane of primitive polarization, the 
ray refiected once at 75° will be restored to polarized light at 
an incidence of 7b° ; but when the two planes are paraUel to 
one another, the restoration takes place at 80° ; and when they 
are perpendicular, at 70° ; and at intermediate angles, at in- 
termediate inclinations. For these reasons, I have called this 
kind of polarization elliptic polarizatioru 

We have already seen that light polarized + 45° is ellipti- 
cally polarized by 1, 3, 5, 7 reflexions from steel at 75°, and 
restored to a single plane of polarization by 2, 4, 6, 8 reflexions 
at the same angle ; and we have stated that the ray restored 
by two reflexions has its plane of polarization brought into 
the state ci — 17°: The following are the inclinations of this 
plane to the plane of reflexion, By diflerent numbers of re- 
flexions fhmi steel and silver! — 



No. 

of ke- 

ilexionB. 


Inclination of the Plane 
of the polarized Ray. 


No. 
of Re- 
flexions. 


Inclination of the Plane 
of the polarized Ray. 


Steel. 


Silver. 


Steel. 


Silver. 


2 
4 
6 

8 


— 17°0' 
+ 522 
— 138 
+ 030 


— 38° 15' 
+ 31 52 

— 26 6 
+ ^21^ 7 


10 

13. 

18 
36 


— U°9' 

+^0 3 
— 
+ 00 


—16° 56' 
+ 13 30 
— 6 42 
+ 47 



-' -T 
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These zesolts explaiii in the clearest mumer whv comnum 
Ught is polarized by steel after eight reflexions, and by silver 
not till alter thirty-six reflexions. Common light consists of 
two pencils, one polarized -f 45°, and the other — 45°; and 
steel brings these plstnes of polarization into the plane of re- 
flexion aflier eight reflexions, while silver requires more than 
thirtyndx reflexions to do this. 

(132.) The angles at which elliptical polarization is pro- 
duced by one reflexion may be considered as the maximum 
polarizing angles of the metal, and their tangents may be 
considers as the indices of re&action of the different metals. 
Vis shown in the following table :— 



irant o( Metal. 



Grain tin - - - 
Mercmy - - - 
Galena - - • 
Iit>n pyrites • - 
Grey cobalt - - 
Speculum metal 
4^timony melted 
Steel .... 
Bismuth ... 
Pure silver - - 
Zinc . - - - 
Tin plate hammered 
Jewellers' gold - • 



Ansle of Maximnm 
Foluintiaa. 


7^ 


ay 


. 78 


27 


78 


10 


77 


30 


76 


56 


76 





75 


25 


75 





74 


50 


73 





73 


an 


70 


50 


70 


45 



Index of 
EeAnetloa. 



4-915 
4*893 
4-773 
4-511 
4309 
4011 
3^814 
3-733 

3-271 
3-172 
2-879 
2-864 



Elliptical polarization may be produced by a sufficient num- 
ber of reflexions at any given angle, either above or below 
the maximum polarizing angle, as Siown in the following table 
for Steel, : — 



Jfnnber of BoftezloM at 
«Ueh ^jMed Pokwin- 
utNi \m psodnrada 



3 9 15 <&c 
2A 7i 12| &c 
2 6 10 &C. 
1^ 4^ %&c. 
13 5 &c. 
U4i 7i^^. 

2 6 10 &c. 

^ i\ ni &C. 

3 9 15 <Sec. 



Haaober of Be0szfOBB aft 
wbkh the PebeU ia !«• 
Blond to a alacle 



6 
•6 
4 
3 
2 
3 
4 
5 
6 



12 
10 
8 
6 
4 
6 
8 



18 dse; 
15^^ 
12 &c. 
9&C 
6 &c. 
9 &c 
12 &C. 
10 15 &c. 
12 18 <&c. 



Ota^rred Ai«Ie 
of lacideaea. 



860 (y 
84 
82 20 
79 
75 
67 40 
60 20 
56 25 
52 20 



When the number of reflexions is an integer, it is easily 
understood how an elliptically polarized ray begins to retrace 
its course, and to recover its state of polarization in a single 
plane, by the same number of reflexions by which it lost it ; 
out it is interesting to observe, when the number of reflexiooa 



is 1|, SL or an^ other mixed ntimber, ttnt tbe ray muat hsva 

acquired its eUiptictil polarization in the middle of the second 
and third reflexion ; that is, when it had reached ita greateM 
depth within the metallic suriace it then begins to resunie its 
state of polarization in a single plane, and recoTera it at tha 
«nd of 3, 5, and 7, reflexioni: A very remarkable eSect take« 
place when one reflexion is made on one side of the n 



SS** does not acquire more elliptic pohuization by a reflexiMt 
at 54°, but it retraces its course and recovers its state of.siDgto 
polarization. 

By a method which it wonM be out of place to explain 
here, I b(i»e deWrmined the number of pointa of restoration 
which can occur at difierent anglee of incidence from 0° to 
90°, fcff any number of reflexions; and I have represented 
them in fig. 115^ whwe the archea I, L, n, IL, &c represent 
Ifae quaikant of incidence, fOT cme, too, Slc reflexions; C 

Fig. 115. 



betnEthapuntofO°,-aiidB'thatof90°of incidence. Intln 

qnadrent, I, L there is no point ttf restomtioo. In II,IL there 
if only one point or node of restoration, viz, at 73° in tUver. 
In 111, III. there are two points of restoration, because a ray 
elliptically polarized by one and a half reflexion will be re- 
stored by three reflexions at 63° 43' beneath the maximum 
polarizing ajigle, and at 79° 40' above that angle. It may also 
be shown that for IV. reflexions there are 3 points of restora- 
tion, for V. reflexions 4 points; and for VL reflexions 5 point?, 
. as shown b the figure. The loops or double curves are drawn 
to represent the inlenBity of the elliptic polarization which 
has its minimum at 1, 2, 3, Sic., and ita maximum in the middle 
of the unshaded parts. If we now use homogeneous light, 
we shall find that the loops have different sizes in the diflfe^ent 
colored rays, and that their minima and maxima are difierenC 
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Hence, in the Vlth quadrant, C B for example, there will he 
6 loops of all the difierent colors, viz. C 1 ; 1, 2; 2, 3; 3, 4, 
dLC. ; overlapping one another, and prodacing by their mixture 
those beautiful complementary colors which have already been 
mentioned. For a more full account of this curious branch 
of -the subject of polarization, I must refer the reader to the 
PhiloBophical Transactions, 1830; or to the Edinburgh 
JmtrnMqfScieTicef Nob. VIL and VIIL new series, April, 183L 



CHAP. xxvm. 

ON THB POLAaiZIMO STRUCTURE PRODUCED BT BEAT, OOLD| 
COMPRESSION, DILATATION, AND INDURATION. 

The various phenomena of double refhustion, and the sys- 
tems of polarized rings witii one and two axes of double re- 
fraction, and with planes of no double refraction, may be pro- 
duced either transiently or permanently, in glass and other 
substances, by heat and cotd, rapid coohnff, compression and 
dilatation, and induration. 

1. Transient Influence of Heat and CM, 

(1.) Cylinders of glass toith one positive axis of double 

refraction, 

(133.) If we take a cylinder of glass, from half an mch to 
an inch in diameter, or upwards, and about half an inch or 
more in thickness, and transmit heat from its circumference to 
its centre, it will exhibit when exposed to polarized light, in 
the apparatus, fg. 94, a system of rings with a black cross, 
exactly similar to those in fig 98. ; and the complementary 
svstem shown in fig, 99. will appear by turning round the 
plate B 90^. In this case we must hold the cylinder at the 
distance of 8 or 10 inches from the eye» when the rings wiU 
appear as it were in the inside of the glass. If we cover up 
any portion of the surface of the glass cylinder, we shall hide 
a corresponding portion of the rings, so that the cylinder has 
its stngte axis of double refraction fixed in the axis of its 
figure, and not in every possible direction parallel to that axis 
as in crystals. 

By crossingr the rings with a plate of sulphate of lime, as 
formerly expkined, we shall find that it depresses tiie tints in 
the t\^o queldrajits which the axis of the plate crosses ; and 

R3 
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oonsequently that thei ^ystem of rings is negoHtfe^ like that of 
calcareous spar. 

As sQon as the heat reaches the axis of the cylinder, the 
rii^ begin to lose their brightness, and when the heat is 
uniformly diffiosed through the glass, they disappear entirely. 

(2.) Cylinders of glass with a negative axis qf double 

refraction, 

(134) If a similar cylinder of glass is heated uniformly in 
boiling dl, or otherwise brought to a considerably high tem- 
perature, and is made to cool rapidly by surrounding its cir- 
cumference with a good conductor, it will exhibit a similar 
system of rings, which will all vanish when the glass is uni- 
formly cold. By crossing these rings with sulp!M.te of lime, 
they will be found to be positive^ like those of ice and zircon ; 
or the same thing may be proved by combining this system of 
rings with the preceduig system, when they will be found to 
destroy one another. 

In both these systems of rings, the numerical value of the 
tint or color at any one point varies as the square of the dis- 
tance of that point from the axis. By placing thin films of 
sulphate of lime between two of these systems of rings, very 
beautiful systems may be produced. 

(3.) Oval plates of glass with two axes of double refraction, 

(135.) If we take an oval plate A B D C, fg. 116., and 
perform with it the two preceding experi- 
ments, we shall find that it has in U)th Cases 
two axes of double refraction, the principal 
axis passing through O, being negative when 
it is heated at its circumference, and positive 
when cooled at its circumference. The curves 
A B,' C D, correspond to the black ones in 
fig, 101., and the distance m n to the inclina^ 
tion of the resultant axes. The efiect shown in Jig. 116. is 
that which is produced by inclining m n 45° to the plane of 
primitive polarization ; but when m n is in the plane of prim- 
itive polarization, or perpendicular to it, the curves A B, C D, 
will form a black cross, as in fig, 100. 

Ih all the preceding experiments, the Jieat and co^l^ ihight 
have been introduced and conveyed through the glass fnHn 
each extremity of the axis of the cylinder or plate. In this 
case the phenomena would have been exactly the same, but 
&e axes that were formerly Tiegative will now be positive^ 
wad vice versd. 




} 
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(4) Cubes of glass with double refraction, 

(196.) Wben the shape of the glass is that of a cuhe, the 
riAgs have the form shown in fig, 117. and when it is a paral- 
lelopiped with its len^ about three times its breadth, the 

Fig. 117. litr- 118- 





i;^ng9 have the fonn shown in^. 118.' the curves of equal tifit 
near the angles being circles^ as shown in both the figures. 

(5.) Rectangular plates of glass uM. planes of no double 

refraction, 

(187.) Ifa well annealed redimgolar plate of g]afiB»EFDC, 
i^ placed with its lower edge C D on a piece of iron A B D C 
Jig, 119., neariy red hot, aS the two t<^ther are {^ed in tfa« 

J^^. 119. 




j^ ^ 

apparatus, Jig, 94., so that C D nfay be inclined 4$^ to the 
plane of primitive polarization, and that polarized light may 
reach the eye at O ftora every part of the glass, we shall ob- 
•serve the rollowing phenomena* The instant that the heat 
enters the surface B D, fringes of brilliant colors will be seen 
parallel to C D, and almost at the same time before the hettt 
has reached the upper surfece E F, or even the central line 
a 6, similar fringes will appear at E F. Colors at first faint 
blue, and then white, yellow, orange, &c., all spring up at 
a h ; and these central colors vtdli be divided from those at the 
edges by two dark lines, M N, O P, in which there is neither 
double refraction nor polarization. These lines correspond 
witli the black curves '\njig, 101. and j?^. 116., and the struc- 
ture between M N and O P is negative, like that of cal- 
careous spar ; while the structures without M N and O P are 
positive, like those of zircon. , The tints thus' developed are 
those of Newton's scale, and are compounded of the di&rent 
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3 each of the homc^fetieimfl 

In these plates (here is obviouslf an inlinite number of axei 
in the planes passing through M N, O P, and all the tints, aa 
well as the double retraction, can be calculated by the vety 
same laws as in regular ci^stali, mutatU mutmtdU. , 

If the plate E F D C is heatei equally all round, the frbgea 
are produced with more regularity aod quicltneBs; and if the 
plate, first heated in oil or otherwise, is cooled equally all 
round, it will develope the same fringes, but the central ones 
at a 6 will in this last case be fomiive, and the outer ones at 
E F and C D nsgaiive.' 

SSmilar^fiects to those aboy? deacribed may be produced in 
ramllar plates of rock salt, obeidian, lluar spar, copal, and other 
solids that have not the doubly refracting structure. 

A seriesofsplendid phenomena are produced by crossing simi- 
lar or dissimilar plates of glass when their fringes are developed. 
When atmXar plates of glass, ot those in which the fringed are 
■ producedby heat, as in ^.119., are crossed, the curves or linei 
of equal tint at the square of intersection, A B C D, ^. YSi., 
fig, 130. will be hyperbolas. The tint at the 

centre wdl be the difieience of the 
central tints of each of the two plates, 
and the tints of the succeeding h;- 
perbolas will rise gradually in the 
scale above that centxel tint. If the 
tints produced by each plate are 
precisely the same, and the plates of 
the same shape, the central tints will 
destroy each other, the hyperbolas ' 
will be equilateral ones, and tbe tints 
will gradually rise from the zero of 
Newt's scale. 
When dissimilaT {rfatee are crossed, as in fig. 121., viz. one 
in which the fringes are produced by heat with one in which 
they are produced by cold, the lines of equal tint in the rt^uare 
ofintersection ABCI>(jJe-. 121.), will beeWtpse*. The.tints 
in tbe centre will be equal to the sum of the separate tints, 
and the tints formed by the combination of the external fringes 
will be equal to their difference. If the plates and their tints 
are perfectly equal, the lines of equal tint will be circles. The 
beauty of these combinations can be understood only iiom col- 
OTed drawings. When the plates are combined lengthwise, 
they add to or subtract from each other's effect, acceding as 
simJUr or diwimilar fringes are opposed to one another. 



' Fig.m. 



(fi.) Sphent of gUuit, 4*- viitk on ikjbtite m o nber of me* 
<ff doubU r^raetUm. 
(ISa) Ifw 

Ml, and obeen ^ ^ ^ 

ta the centre of the sphere, we diall find it to be a regular 
Bjstem, exactly like that in j!^. 98. ; and. it will suffer no 
chtn^ by tumiiw the ephere in any directitn. Hence the 
tjibere biB an inflnite number of jmnftve axes at double le- 
fnctioa, or one along each, of its diameters. 

If a very hot flpheie of giaaa ii placed in a glsM troDgfa rf 
edd oil, a aimiUx Byatem will be produced) but the axes wiQ 
all be negative. 

(T.) Sphnroidt qf glof with one axi* of ioaile refrattiat 

obfW' (Ae axi* irf rtadbaioa and tmt axet idot^ the efMf 

loriS dittmeteri. 

(139.) If we plitce an oblate spheroid in a glass trbn^ tif 
hot oil, we shatl find that it has one axis of potitive doubly 
refraction alone its ehorter ajtis, or that of remution ; hut if 
we transmit tne polarized light along any of its equnfoiial- 
diametere, we Bhall find tliat it has two axes of double refivc- 
ticKi, the tdack Carres appearing as in J^. 116. wben the axis 
of revolution is inclined 46° to tlte plane of primitive ijolari- 
zation, and changing into a cross when the axis is parallel or 
perpendicular lo the plane of primitive polarization. 

The very same phenomena will be exhibited with a prolste 
nheroid, nily the black cross opens in a different plane when 
the two axes are developed. 

Oppoeite systems of rings will be developed In both these 
case^ if hot spheroids are plunged in cold ou. 
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The reason of using oil is to enable, the polarized light to ^ 
pass through the spheres or spheroids without refraction. The 
oil should have a refractive power as near as possible to that 
©f the glass. 

A Bumber of very curious phenomena arise from heating 
and cooling glass tubes, or cylinders, al6ng their axes ; the 
most singular variations taking place according as the heat 
and cold are applied to the circumference, or to the axis, or to 
both. V • 

(8.) Influence of heat on regtdar crystals. 

(140.) The influence of uniform heat and cold on regular 
crystals is very remai^kable. M. Fresnel found that heat dilates ' 
sulphate of lime less in the direction of its principal a:ys 
than in a direction perpendicular to it; and professor Mitscher- 
lich has found that Iceland spar is dilated by het^t in the di- 
' rection of its axis of double refraction, while in all directions 
at right angles to this axis it contracts ; so that there must be 
some intermediate direction in which there is neither contrac- 
tion nor dilatation. Heat brings the rhomb of Iceland spar 
nearer to the cube, and diminishes its double refraction. 

In applying heat to sulphate of lime, professor Mitscherlich 
found tiiat the two resultant axes (P, P, f^, 106.) gradually 
approach as the heat increases, till they unite at O, and form 
a single axi& By a still fiirther increase of heat they open 
out on each side towards A and B. A very curious fact of an 
analogous kind I have found in glauherite, which has one axis 
of double refraction for violet,, and two axes for red light 
With a heat below that of boiling water, tlie two resultant 
axes (P, P, fig, 106.) unite at O, and, by a slight increase of 
heat, the resultant axes again open but, one in the diicection 
O A, and the other in the direction O B., By applying cold, 
the single axis for violet light at O opened out into two at P 
and P. At a certain temperature the violet axis also opened 
out into two, in the plane A B. 

2. On the permanent Influence of sudden Codling, 

(141.) In IMlarch, 1814, 1 found that glass melted and sud- 
denly cooled, such as, prince Rupert's drops, possessed a per- 
manent doubly refracting structure ;* and in December, 1814, 
Dr. Seebeck published an account of analogous experiments 
with cubes of glass. Cylinders, plates, cubes, spheres, and_ 
' spheroids of glass, with a permanent doubly refracting struo- 
# ■ -■' f ' [ ' 

* Letter to Sir Joseph Banki, April S. 1814. PhiL Trans, 1814. 
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, ture, may be formed by bringing the glass to a r^ heat, and 
cooling it rapidly at its circuntterence, or at its edges. A» 
these solid bodies often lose their shape in the process,, the 
symmetry of their structure is affected, ^and the system df 
rings or fringes injured ; so that the phenomena are not pro- 
duced so perfectly as dnring the ti;ansient inflaence of heat 
and cold. It is often necessary, too, to grind and polish tiie 
Sttrikces afresh: an operation during which the solids are 
often broken, in consequence ^f the state of constraint in 
which the particles are held. 

An endless variety of the most beautifbl optical figures 
may be produced by cooling the glass upon metallic patterns 
(metals being the best conductors) applied symmetrically to 

■ each surface of the glass, or symmetrically round its circum- 
ference. The heat may be thus drawn on from the glass in 

* lines of any* form or direction, so as to give any variety what- 
ever to its ^ructure, and, consequently, to the optical figure 
which it produces when exposed to polarized light. 

(142.) In all doubly refracting ciystals the form of the 
rings is independent of the external shape of the crystal ; 
but in glass solids that have received the doubly refracting 
structure, either transiently or permahently, from heat, the 
rings depend entirely on the external shape of tiie solid. I( 
in Jiff. 119., we divide l^e rectangular plate E P D C into two 
equEu parts through the line a b, each half of the plate will 
have the same structure as the whole, viz. a negative and two 
positive structure separated by two dark neutral lines. In 
like manner, if we cut a piece of a tube of glass, by a notch, 
through its circumference to its centre, or if we alter the 
shape of cylindrical plates and spheres, &c., by grinding them 
into different external figures, we produce a complete change 
upon the optical figures which they had previously exhibited. 

3. On the LiflueTice of Compression and Dilatation, 

(1^.) If we could compress >and dHate the various solide 
above mentioned with the same uniformity with which we can 
heat and cool them, we should produce the same doubly re- 
fracting 'structures which hfive been described, compression 
and dilatation always producing opposite structures. 

The influence of compression aiid dilatation may be well 
exhibited by taking a strip of gla'ss, A B D C, fig. 122., and 
bending it by the force of the hands. When it is held in the 
apparatus,^. 94., with its edge A B inclined 45° to the plane 
of primitive polarization, the whole thickness of the glass will 
be covered with colored fringes, cousisting of a negative set 
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sBpi^roted from a positive set by the dark neutial line M N. 
^he fringes on the oonjoex side A B are negaHve^ and those 




QQ^ the concave side po«t^cve. As the bending force increases, 
tjtie tints increase in number ; and as it diminishes, they di- 
minisJi in number, dissqppearing entirely when the plate of 
glass recovers its shape. The tints, which are those of New- 
ion's scale, vary with their distances from M N ; and when 
two such plates as that shown in fig, 122,' cross' each othca'^ 
they produce in, the square of intersection rectilineal fringes 
parallel to the diagonal of the square which joins th^ angles 
lyhere th^ two concave aiid the two convex sides of the plates 
meet « 

When a plate of bent glass is made to cross a plate crys^ 
tBillized by heat, and suddenly cooled, the fringes in the square 
of intersection are parabolas, whose vertex willbe towards 
t)ie convex side of the bent plate, if the principal axis of the 
other plate is positive, but towards the concave side, if that, 
i^is is negative. 

The ejects of compression and dilatation may be most dis* 
tinctly seen by pressing or dilating plates or cylinders of 
qjjves'-feet jelly or soil isinglass. 

By the application of compressing and dilating forces, I 
have been able to alter the doubly refracting structure of 
regularly crystallized bodies in every direction, increasing or 
diminishing their tints according to the direction in which the 
forces were applied.'^ 

The most remarkable influence of pressure, however, is 
that which it produces on a mixture of resin and White wax. 
In all the cases hitherto mentioned of the artificial production 
of double refraction, the phenomena are related to the shape 
qf the mass id, which the cluuige is induced : but I have been' 
able to communicate to the compound above mentioned a 
^uUe refraction, similar to that which exists in the particles 
c^ cryst^ The compressed mass has a single axis, of double 
refraction in every parallel direction, and the colored rings 
are produced by the inclination df the refracted ray to the 
a^i9. according to the same law as in re^ar crystals. If we 

' * See Edhkburjjrh Traiuactions, vol. viii. p. 281. 
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remove the compressed film, an;^ portion <^ it will be fbnaad to 
have one axis c^ double refraction like portions ^ a film of 
any crystal with one axis. The important deductions which 
this experiment authorizes will be noticed at the conclusion 
ctf* this part of the work. 

4. On the Influence of Induration. 

(144.) In 1814 1 fiad occasion to make some experiments on 
the influence of induration in communicating double re&actioii 
to soft solida. When isinglass is dried in a ^ass trough of a 
circular Ibrm, it exhibits a system of tints wiSi the black cross 
exactly like negotvoe crrstus with one axis. When a thin 
cylindrical plate of isingkss is indurated at its circumference, 
il produces a system of rings with one posithfe axis. If the 
trough in the first of these experiments and the plate in the 
second are oval, two axes of douUe refracti<m will be ex- 
hibited. 

When jelly placed in rectangular troughs of glass is grad- 
ually indurated, we have a positive and a negative structure 
developed, and these are separated by a black neutral line. 
If the bottom di the trough is taken out, so as to allow the 
induration to go on at two parallel siir&ces, the same fiingea 
are produced as in a rectangular pkte of glass heated in oil, 
and subsequently cooled. 

Spheres and sf^eroids of jelly may be made by proper uh 
duration to produce the same efiects as i^eres and spheroids 
of glass when heaCed or cooled. The lenses of almost all 
animals possess the doubly refi:acting structure. In some 
there is qi4y one structure, which is generally positive. la 
others there are two structures, a positive and a negative one ; 
and in many there are three structures, a negative between 
two positive, and a positive between two negative structures. 
In some instances we have two structures of the same name 
together. By the process of induration we may remove en-^ 
tirely the natural structure of the lens, especially when it is 
^herical or spheroidal, and supermduce the structure arising 
mm induration. I have now before me a sphenndal lens of 
the himeto fish, with one beautiful system of rings along the 
axis of the spheroid, and two i^stems along the equatorial 
diameters. I have also several indurated lenses of the cod, 
that display* in the fineA manner their doubly refiracting 
structure. 

S 
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CHAP. XXIX. 

PHENOMENA OF COHPOeiTB OR TES8ELATED CETSTAI4B. 

(145.) In all regularly fi)nned doably refracting crystals, the 
separation of the two images, the size of the rings, and the 
'value of the tints, are exactly the same in all parallel direc- 
tions. If two crystals, however, have grown together with 
their axes inclined to one another, and u we cut a plate out 
<^ these united crystals so that the eye cannot distinguish it 
from a plate cut out of a single crystal, the exposure of such a 
crystal to polarized light will instantiy detect its composite 
nature, and will exhibit to the eye the very line of junction. 
This will be obvious upon considering that the polarized ray 
has different inclinations to the axis of each crystal, and will 
therefore produce diflerent tints at these different inclinations. 
Hence the examination of a body in polarized light furnishes 
us with a new method of discovering structures which can- 
not be detected by the microscope^ or any other method of 
observation. 

A very fine example of this is exhibited in the bipyramidal 
sulphate of potash, which Count Boumon and other crystal- 
lographers regarded as one simple crystal, whose primitive 
form was the bipyramidal dodecahedron, like the crystal shown 
in Jig. 112. But by cutting a plate perpendicular to the axis 
of the pyramid, and exposing it to polarized light, I found it 
to be composed of several crystals, ail united so as to form the 
regular figure above represented. The crystal has two axes, 
of double refraction, and the plane passing through the two 
axes of one, is inclined 60° to the plane passing wrou^h the 
two axes of each of the other two. So that when we incline 
the plate, each of the three combined crystals displays different 
colors. I have found many remarkable structures of this kind 
in the mineral kingdom, and among artificial salts ^ but two 
of these are so interesting as to merit particular. notice. 

(146.) The apophyllite from Faroe generally crystallizes in 
right-angled square prisms^ and splits with great facility into 
plates by planes perpendicular to the axis of the prism. If 
we remove with a sharp knife the uppennost slice, or the unr 
dermost, it will be found to have one axis of double refraction, 
and to give the single system of rings shown in Jig. 98. If 
we remove other slices in the same manner, we shall find 
that when exposed to polarized light they exhibit the curious 
tesselated structure shown in Jig^ 123. The outer case, 
M O'N P, consists of a number of parallel veins or plates. Id 
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the ceDtre is b sumU lozenge, abed, with trae tzig cf double 
flff 133. lefractioo, and round it are four 

crystals, A, B, C, D, with two aie» 
of double refiactioD, the plane pssa- 
in? throng the axes of A uid D 
heiD^ perpendicDlor to the plane 
passing tlmii^h the aiei of B aui 
C ; BOd the &iDer plane being in . 
the direction ii N, UDd the latter in 
the direction O P. 

When the polarized tight is tran»- 
miOed through the faces of certaia 

Cristna, the beautiful tesselated fi^re ahown in j!f . 124 is es- 
Ibited, all the differently shaded forts shining with the most 
Kg- IM, spleodid colors. As the prian has every- 
where the same thickoess, it is obvious tbat 
the doubly refracting force varies in difierent 
parts of the crystal ; but this variation takes 
place ia such a symmetrical manner in rela- 
tion to the sides and ends of the prism, as to 
set Bt defiance all the j^^ . ug. 

recognized laws of j| 
crystalkwrapby. 

With the view of 
observing the ibnn of 
the linea of equal co- 
\ot, I immersed the 
crystal in oU, and 
tiansmitted the polar- 
ized light in a direc- 
tion parallel to a di- 
agonal of the prism; 
the effect then esbib- 
ited is shown in^. 
125., where A BCD 
is the crystal; A C^, - 
and B D, its edges, 

where the thickness ia nothing, and 

m n the e^ge through which the di- . 

Agonal of the prism passes. Now, it 

is obvious, that if this had been a re^- 

lar crfstal, the lines of equal tint or of ' 

equal double refraction would have 

been all straighi linet paraUel to AC C 

cs B D ; but la the apophyllite they present the most smgular' 

irregularities, all of which dxe, liowever, ^mmetricallf le- 
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. Iited to certttiD fixed points within the cryatil. In the middlt 
of the cryalsl, half way between m and n, there are oaly^ve 
fringes or ordera of colors ; at points equi-distant from this 
there are ttr fringes, the sixth returning into itself in the 
fiirni of an ovaL At other two equidistant points near m and 
n, the 3d, 4th, and 5th fringes are singularly aerrated, and the 
6tii and Tlh firinges return into themaelves in the form of & 
tqvare ; beyond this, near m and n, there are only fiiur fringes, 
io consequence of ^e fifth retnrning into itself. 

(147.) A conposite st^nctare of a very different kind, but 
extremely iqleresting ftom the efects which it produces, ia 
exhibitad in many ciyslals of Ideland spar, which are inter- 
sected by parallel films or veins of various thickneeeee, as 
^lown in _fig. 126. These thin veins or strata are perpendic- 
j^. Igg. ufar to the abort diagonals E F, G H (rf the 

faces of the rhomb, and parallel to the edges' 
EG, FH. When we look perpendicularly 
F through the iaces A E B F, DGC H, the 
light will not pass through anv of the planes 
eoc^.ABCD, a/kd, and consequently 
we shall only see two images of any object 
FT just as if the planes were not there. But if 
we look through any of the other two pair 
of parallel faces, we shall observe the two 
common images at their usual distance ; and at a much greater 
distance, two seccoidBry images, one on each side of the com- 
mon images. Id some cases there are /our, and in other cases 
fix, aec^mdary images, arranged in two lines ; one line being 
oa each side of the common una^es, and perpendicular to the 
line joining their centres. When the interrupting planes are 
numerous, and especially ^en they are also fbun^' penwn- 
dicular to the short diagonals of the other two &ce3 of^ the 
rhomb that meet at B, the oMuse summit, the secondary 
images are extremely numerouf^ and sometimes arranged in 
pyramidal heaps of singular beauty, vanishing, and reappear- 
ing, tafi changing their color and the intensity of their li^t, 
Ire every ineluiabon of the plate. If the lig^t of Che luminous 
(Aiject is polarized, the phenomena admit of still greater tb- 
riationa When the atrata or veins are thick, the images are 
not colored, but have mwely at their edges the col<a« of r^ 
fracted lighL 

Malus considered these phenomena'as produced by fissures 
or cracks within the crystal, and he regarded the colors as 
those of thin platea of air or space ; but I have found that they 
■re produced by veins or twin cfygtals firmly united ti^lher 
so as to resist separation more powerfhlly than the natural 
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Xsleavage planes, and I have found this both cnrstallomphicallv* 
by measuring the pgles of the veins, and opticailv, by ob- 
serving the system, of rings seen through the veins alone. 
• This composite structure will be understood from fig, 127., 
where A B D C is the principal section of a rhomb of Iceland 

rig, 1«7. 




spar whose axis is A D. The ferm and positicm of one of the 
intersecting veins or rhomboidal plates, is shown at M m N n^ 
but greatly thicker than it actually is; the angles Am M, and 
D » N, bemg 141° 44'. A ray of common light R 6, mcident 
on the face A C at fr, will be refracted in the Imes hc^hd. 
These rays entering the vein M m N n, at c and d, will be ' 
again refincted douUy ; but as the vein is so thin as to produce 
the complementary colors of polarized light by the interference 
of the two pencils which compose each of the pencils c e, if^ 
these colors will depend on the thickn&s of the vein M N, 
and on die inclination of the ray to the axis of the plate M N. 
These double pencils will emerge from the vein at e,/, and 
will be refracted again as in the figure into the pencils e m, 
en,/o,/|>; the colors of en,/o, being complementery to 
those of enijfp. That tlie multiplication and c6]or of the 
images are owing to the causes now explained niav be proved 
ocukrly, as I have done, by dividing rhombs of^ calcareous 
spar, and inserting between them, or in grooves cut in a single 
plate of calcareous spar, a thin film of sulphate of lime or 
mica. In this way all the phenomena of the natural compound 
crystal may be reproduced m the artificial one, and we may 

five great variety to the phenomena by inserting thin films in 
Lfierent azimuths round the polarized pencils 6 c, 6 (2, and at 
different inclinations to the axis of double refraction. 

The compound crystal shown in fig, 127. is in reality a 
natural polarizmg apparatus. The Mirt of the rhomb A m N C, 
polarizes the incident light R 6. The vein M N is the thin > 
crystallized vein whose colors are to be examined ; and the 
part BM n D, is the analyzing rhomb. 
Various other minerals and artificial crystals are intersected 
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with analogous veins, and produce analogous phenometnu 
There are seVeral composite crystals^which exhibit remarkable 
peculiarities Of structure, and display curious optical phe- 
nomeiia by polarized light. Thev Brazilian topaz is one of 
those which is worthy of notice, and whose properties I have 
explained bycolored drawings, in the second volume of the 
Cambridge Transactiong. 

For a mil account of the properties of composite crystalsy 
and of the multiplication of images by the cmtals of cal- 
careous spar that are intersected by veins, we reier the reader 
to the Edinburgh Transactions, vol. ix. p. 317., and the PhiL 
Trans., 1815, p. 270. ; or to the Edinburgh Encyclopedia^ 
art. Oftigs. 



CHAP. XXX 

ON THE DIGRROISM, OR DOinBOE^E COLOR, OF BODIES; AMD 
THE ABSORPTION OF POLARIZED LIGHT. 

(148.) If a crystallized body has a different color in difier^t 
directions when common light is transmitted through its 
substance, it is said to possess dichroism, which signifies two 
colors. Dr. WoUaston observed this property long ago in the 
muriate of palladium and potash, which appeared of a deep 
red color along the axis, and of a vivid green in a transverse 
direction ; and M. Cordier observed the same change of color 
in a mineral called iolUe, to which Hauy gave the name of 
dichroite, Mr. Herschel has observed a similar feet in a 
variety of sub-oxysulphate of iron, which is of a deep blood 
red color along the axis, and of a light green color perpeu- 
dicnlar to the axis. In examining this class of phenomena, I 
have found that they depend on the abSorptron of liffht, bein^ 
regulated by the inclination of the incident ray to the axis ot 
double refraction, and on a difference of color in the two , 
pencils formed by double refraction. 

In a rhomb of peUow Iceland spar, the extraordinary image 
was of an orange yellow color, while the ordinary image was 
yeUounsh white along the axis. The color and intensity of 
the two pencils were the same, and the difl^rence of dolor and 
intensity increased with the inclination to the axis. When • 
the two images overlapped each other, their combined color 
was the same at all angles with the axis, and this color w&s 
that of the mineral. If we expose the rhomb to polarized 
light, its color will be orange yellow in the position where the 
Quinary image vanishes, and yellowish white in the position 
where the^extraordinary ima^ vanishes. The crystals in tbe 
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Allowing Table possesB the same properties, the ordinary and 
extraordinary images having the colors opposite to their 
names ;— 

baU)r$ of Ae two Imagei in CrytU^ toiih ONZ Axn. 



Karnes tt Ciyatali. 



Tiimdpal BecOga ia 
or PokHHtioa. 



Zircon. 
Sapi^ire. 
Rubjr. 
Emerald. 
Emerald. 
Beryl, blue. 
Beryl, green. 
Beryl, yellovndi 

green. 
Rock crystBl, near- 

ly^transparent 
IRock. crystal, yellow. 
Ame&yk. 
Amethyst 
Amethyst '' 
Tourmaline. 
Rubellite. 
Idocrase. - 
Mellite. 
Apatite lilac. 
Apatite olive. 
Phosphate of lead 
Iceland spar. 
Octohednte. 



ftvwnish white. 
Yellowish green. 
Pale yellow. 
Yellowidi green. 
Bluuah green. 
Bluish white. 
Whitish. 

Pale yellow. 

Whitish. 

Yellowish white. 
Blue. 

Greytth white. 
Reddish yellow. 
Greenish white. 
Reddish white. 
Yellow. 
Yellow. 
Bluish. 
Bluish green. 
Bright green. 
OfEmge yellow. 
Whitish brown. 



Pri&c«|Md Scetka. L 

to Pkuw of Foteriatioa. 



Deeper blown. 

Blue. 

Bright pink. 

Blunh ^reen. ' 

Yellowish green. 

Blue. 

Bluish green. 

Pale green. 

Faint brown. 

Yellow. - 
Pink. 
Ruby red. 
Bluish gr^en. 
Bluish green. 
Faint red. 
Green. 
Bluish white. 
Reddish. 
Yellowish sreen. 
Orange yellow. 
Yellowish white. 
Yellowish brown. 



(149.) When the crystals have two axes of double refrac- 
tion, the absorption of the incident rays produces a variety of 
phenomena, at and near the two resultant axes. These phe- 
nomena are finely displayed in iolite. This mineral, which 
crystallizes in six ana twelve-sided prisms, is of a deep blue 
color when seen along the axis, •and of a hrowmsh yeUow 
when seen in a direction perpendicular to the axis of the 
prism. When we look alonff the resultant axes which are 
mclined 62^ SCV to one another, we see a system of rings 
which are pretty distinct when the plate is thin ; but when it 
is thick, and wnen the plane passing through the axes is in 
the plane of primitive polarization, branches of blue and whitd 
» imht are seen to diverge in the form of a cross from the centre 
of the system of rings. This curious effect is shown in fig, 
128., where P, P', are the centres of the two systems of rings, 
O the principal negative axis of the crystal, and C D the plane 
passing throug^h me axes. The blue branches, which are 
shaded in the ngure, are tipped with pmrple at their summits 
P, P', and are separated by whitish light' in some speoimena,. 
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■e blue, and at O 
it b quite blue ; while ftcm P and P' to 
C aod D it becomes more and more 
C ) yellow, »nd at C and D it is quite yel- ' 

low, the yellow beine almoet eqimtly 
bright in the plane A C B D, perpendic- 
ular to the principal tda O. When the '■ 
plane C D la perpendicular to the plane 
of primitive pdarization, the ptrfes P, P' are marked with 

Stches of white or yellowish light, but everywhere else the 
jht ta a deep blue. 
When eiamined l^- common light, we find that the ordinaty 
image ia brownish yelime at C and D, and the eitraordinary 
one fairU Uue; the former acqiiiring some blue raye, and the 
latter some yellow onea from C to D, and from A to B where 
there is still a grsat diBerence in the color of the images. 
The yellow image becomes lainter from A to P and P', and 
&om B to P and P', where it changes into blue, the feeble 
blue image being gradually reinforcwl by other blue rays till 
thh intensity of the two blue images is nearly equal The 
&int blue image increases in intensity from C to P, and from 
D to P', and the yellow one acquires an accessiim of blue light, 
and becomes bluish white from P and P' to O ; the ordinary 
image ia whitish, and the other a deep blue ; but the white- 
nes gradually diminishes towards 0, where the two images 
, are ahnost equally blue. , The fallowing table will show that 
this proper^ exists in many other ciyBtSs : — 



Cclanofatbix 


Imagti in Crysbdi, iritt two Aim. 


lln»dcr,.ui.. 


""■°'t.!Jh'J'J"" " 




Topaz Wue. 


While. , 


■m^. 




While. 


Green. 


PSfcUue 


Reddish grey. 


Blue. 


pink. 


Hnk. 


While.. 




Pink. 


Yellow. 


m wll^"™' 


Yeltowiih while. 


0«i«e. 


^m 


I«nonyelknv. 


Purple. 


_^re"<™' 


Lemon yeUow. 


Yellowish while. 


orai^ yellow 


Gamboffe yellow. 


YellcmTih while. 


Cymile, 


While/ 


Blue. 


Dichroite. 


Blue. 


Yellowish white. 




Yellowish white. 


Yellowish. 


Eiridole olive gre™. 




Sap green. 


— wlJliBh green 


Pink white. 


Yeliowfeh while. 


Mica. 


Reddish brown. 


Reddish uriute. 
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The following table shows the color of the images in crys- 
tals with two axes wiiich have not been examined. 



kx\» of Prfm peneaMcBlar 
to Piue of PolariiatlMb 



HinM oC CiyXaSa, 



Mica. 

Acetate of copper. 

Muriate of coj^ier.* 

Olivine. 

Sphene. 

Nitrate of copper. , 

Chromate bf lefui ' 

Staiuotide. 

Atorite. 



AUffl 

Anhi 



ijrdrite. 
Axinite. 
Diallage. 
Sulphur. 
Sulphate of Btrantia. 

cobalt 

Olivine. 



Akia at Trim !■ Pkae oT 
PolarinUan. . 



Bloodied. 
Blue. 

Greenish white. 
Bluish oreen. 
Yellow* 
Bluish white. 
Orange. 
Brownish red. 
Blood red. 
Briffhtpink. 
Reddish w^ite. 
Brownish White. 
YeUow. 
Blue. 
Pink. 
Brown. 



Pale greenish yellow. 

Greenish yellow. 

Blue. 

Greenidi yeUow/ 

Bluish. 

Bluo. 

Blood red. 

Yellowish white. 

Bright creen. 

Pale yellow. 

Yellowish white. 

White. 

Deeper ydloW. 

Bluish white. 

Brick red. 

Brownish white. 



. In the last nine crystals in the preceding table, the tints are 
notffiven in relation to any fixed line. 

The following list contams the colors of the two pencilfl,'in 
crystals, whose number of axes is not yet known. 

Phosphate of iron. 
AetyjatAite. 
Precious opaL 
Serpentine. 
Asbestos. 

• Blue carbonate of > 

• copper. ( 
Octonedrite (one axis.) 
CUoride of gold and 

sodium. 
-~— .~_~ and 



funmomuin. 



•Bd ^ 



Fine blae.t 
Green. 
Yellow. 
DarlC^reen. 
Greenidi. ' 

Violet blue. 

Whitish brown. 

Lemon jreibw. 1 ^ 

liomon yellow. 

Lemon yellow. 



Bluish white. 
Greenish white. 
Lighter yellow. 
Lighter green. 
Yellowisn. 

Greenish blue. , 

Yellowish brown. 

Deep orange. 1 1| 

D^ep orange. II] j 

Deep orange. J m§ 



potasaiuni. { 

^ > (150.) By the application c^ heat to certain crystals, I hav<a 
been able to produce a permanent dif^nce in the colar of 
the two pencils formed by double refraction. This experiment 
may be made most easily on Brazilian topat. In one of these 
topazes; in which one of the pencils was ifMno 9aA the other 
pink, I iband that a red heat acted more powerfully upon the 
extraordinary than upon the ordinary pencil, discharging the 
yellow color entirely from the one, and producing only a dight 

* The odors are given in relation to the short diagonal of its rhomboidal 



t Wlien tlie axis of the prism is in the plane of polarisation. 



~^m- ■ — r-^ r» • mi Aiin^MHIptipq 
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chalijife upon the pink tint of the other. When the topaz wcw 
hot, it was perfectly colorless, and, during the process of cool- 
ing, it gradually acquired a pink tint, which could not be 
modified or renewed by the nxist intense heat In various 
topazes, the color of whose two pencils was exactly the same, 
heat discharges more of the color from one pencil than the 
other, and thus gives them the power of absorbing light in 
reference to the axes of double refiraction. 



Oeneral Observations on Double Re/ractum, 

(151.) The various &cts which have been explained in the 
pieceding diapters, enable us to fbrm very plausible opinions 
respecting the origin and nature of the doubly refmcting 
structure. The particles of bodies reduced to a state of 
fluidity by heat, and prevented by the same cause from comr 
bining into a solid body, exhibit no double refraction ; and, in 
like manner, the particles of crystallized bodies, including 
metals when existing in a state of solution, exhibit no double 
refraction. As soon, however, as cooling in the one case, and 
evaporation in the other, permits the particles to combine in 
virtue of their mutual affinities, these particles have, subse- 
quent to the action of the forces by which they combine, ac- 
quired the doubly refracting structure. This effect may be 
accounted for in two ways; either by supposing that the par- 
ticles have originallv a doubly refracting structure, or that 
they have no trace of such a structure. On the first of these 
suppositions, we must ascribe the disappearance of the double 
refraction in the fluid mass, and, in the solution, to the opposite 
action of the particles, which must have had an axis in eveij 
possible direction; but as no double refraction is visible, it is 
more philosophical to suppose that none exists in the particles. 
On the second supposition, then, that ti^e particles have no 
doubly refracting structure, it is easily understood how it may 
be produced by the compression of any two particles brought 
together hj attraction ; for each particle will have an axis of . 
double redaction in the direction of the line joining their 
centres, as if they had been compressed by an external force. 
By ftdlowing out this idea, which I have done elsewhere,* I 
have shown how the various phenomena may be explained by 
the different attractive forces of three rectangular axes, which 
may produce a single negative axis, a single positive axis, or 

* Pkil. TraiuaetiotUf 1829, or Edinburgh Journal of Science^ new series, 
vol. 7i., p. 338—337. 
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two axes,, either both pbsifive or both negative, or the one 
positive and the other negative. The influence of heat, in 
changing the intensity of the two a^es of sulphate of liine, 
and in removing one of the axes, or in creating a new one, 
admits of an easy explanation on these principles. 



PART m. 

ON THE APPLICATION OP OPTICAL PRINCIPLES TO THE 
EXPLANATION OF NATURAL PHENOMENA. 



CHAP. XXXI. 

ON UNUSUAL REF&ACmON. 

(152.) The atmosphere in which we live is a trtmsparent 
mass of air possessing the property of refractiiig lieht We 
learn &om the barometer thett its density gradinSy diminishes 
as we rise in the atmosphere, and, as we know from direct 
experiment that the refractive power of air increases with its 
density, it follows, that the refractive power of the atmosphere 
is greatest at tJie earth's sur&ce, and gradually diminishes 
till the air becomes so rare as scarcely to be able to pft^ 
duce any efl^t upon light When a ray of light fidls ob- 
liquely upon a medium thus varying in density, in place of 
l>emg bent at once out of its direction, it will be gradually 
more and more bent during its passage through it, so as to 
move in a curve line, in the same manner as if the medium 
had consisted of ftn infinite number of strata of difierent xe- 
ftactive powers. In order to explain this, let E, fg. 129., be 
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the earthf sunoanded with an atmos{^ere A B C D, consistiiig 
of fi>ar concentric strata of different densities and dL^rent 
refractive powers. The index of refraction for air at the 
earth's sur&ce being 1-000,294, let us suppose that the index 
of the other three strata is 1-000,200, 1-000,120, l-000,05a 
Let B £ B be the horizon, and let a ray S n, proceeding frcxn 
the son unde^ the horizoiu fidl on the outer stratum at n, 
whode index of refraction is 1*000,050. Drawing the per- 
pendicular Enmt find by the rule formerly given the angle 
of refraction, E n a, corresponding to the angle of ipcidence 
S n m. When the ray n.a falls on the secoi^ stratum at a, 
>rhose index of reftactioii is 1*000,120, we may in like 
inanner, Igr drawing a perpendicular E ajp, find the refracted 
ny a b, in the same way, the refracted rays 6 c and c d may 
be found. The same lay S n will therefore have been re- 
firacted in a polygonal line nabcd^ and as it reaches the eye 
in the direction cd^ the sun will be seen in the direction dcS% 
elevated above the horizon, by the refraction of the atmosphere, 
when it is still below it In like manner it might be sbpwk 
that the sun appears above the horizon by refraction, when he 
is actually below it at sunset 

Although the rays of light move in straight lines in vacuo 
and in all media of uniform density, yet, oo the surface of the 
globe, the rays proceeding from a distant object, must neces- 
sarUy move' in a curve line, because they must pass through 
portions of air of different densities and refractive powera 
Hence it follow^ that, excepting in a vertical line, no object, 
whether it is a star or planet beyond our atmosphere, or is 
actually within it, is seen in its real place. 

Excepting in astronomical and trigonometrical observations, 
wher^ the greatest accuracy is necessary, this refraction of the 
atmosphere does not occasion any inconvenience. But since 
the density of the air and its refractive power vary greatly 
when heated or cooled, great local heats or local colds win 
produce great changes of refractive power, and give rise to 
optical phenomena of a very interesting kind. Such phenom- 
ena have received the name of unusual refraction^ and they 
are sometimes of such an extraordinary nature as to resemble 
more the effects of magic than the results of natural causes. 

(153.) The elevation of coasts, mountains, and ships, when 
seen over the surface of the. sea, has long been observed and 
known by the name of looming, Mr. Huddart described 
several cases of this kind, but particularly the very interesting 
one of an inverted image of a ship seen beneath the real ship. 
Dr. Vince observed at Ramsgate a ship, whose topmasts on^ 
were seen above the hodzQDry but he at. the same time ob- 
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served, in die deM of the telescope thractgh wfakli he was 
feoking, two images of the cranplete diip in the air, both di- 
rectly above the *ip, the nppermaet of tlie two bei^ ered, 
and the other iuTerted. He then directed hia teleKope to 
another ship whoee hull wu jiuit in Ifaa hariKm, and he ok 
■erred a complete invert^ image cf it; the nUmKaat of 
Hg.'i3». which jest touched the ranininwl of Ibe 

riiip itsel£ The ftnt of these two pii^ 
nomeua is dwwa in Jig. 180. in which A 
is the real ehip, and B, C the images seen 
by nnuBBal refractkin. Upon looking at 
► anotfaer abip, Dr. Vince mw invOTted 
imasea of some of its ^rta which sod- 
^ den^ appeorsd and Tainahed, " firat ap- 
inuiDg, sajt he, " below, and Tatudng 
Dp nty rt^tidly, Aowing more or len of 
me m^te at difihrmt times as they tvoke 
out, reseinMiiig in die awiftaos of iMt- 
breaking out the aboodng of a boam of die 
v,^ BnTora bnvalis." Aa the Aip continued to 



A^ descend, more of the innve' gradually »- 

-•V^llR^v^^ peared, till the imac« of the whole riiip 

rM|^Jl r VWi>,L was at last completed, with the maioinaata 

^=^*^^^^ in contact When the ship descended atiU 

Icwer, the image receded frtmi the Aip, but no sectad imaso 

was seen. Dr. Vioce observed another case, dkown in jv. 

ff. 13] 131., in which tiie aea was diatinc^ 

seen between the ships B, C As the 

ship A came above the bmizon, the image 

C gradnally disuipaared, and during tUs 

time the image B descended, hot the st^ 

did not seem ho near the horison as to 

> bring the mainmasts together. The two 

^ images were TiHible when the whole dilp 

E was beneath the tKniictL 

Captain Saxeebj, when navisatiag 
the Greenland seas, observed sevei^ vety 
-. >• intereatipg cases rf rnmsoal reftactioa. 

On the S8th of Jnne, 1820, he law fhxn 
the maat-hend eighteen sail of diips at 
the distance of ^nat twelve miles. Otfs 
of then was drawn out, or lengthened, 
in a Tertical directkm; another was con- 
tracted in the same directido ; one had an 
^ inverted hnage imfoediately above it; 



^^H^pi 
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imagee above them, accompanied with two images of the strata 
cf ice. In 1822, Captain Scoresby recognized his fittbeip's 
ship, the Fame, by its inverted image in the air, oUhaugh the 
ship itgeif was bdow the horizon. He aflerwards found that 
tlie ship was seventeen miles beyond the horizon, and its dis- 
tance' thirty miles. In all these cases, the^image was directly 
above the object ; bat cm the 17th of Septeml^r, 1818, MM. 
Jorine and Soret observed a case of unusual refraction, where 
the ima^ was on one side of the object A bark about 4000 
toises distant was seen approaching Geneva by the left bank 
c£ the lake, and at the same moment there was seen above 
the water an image of the sails, which, in place of following 
the direction of the bark, receded from it, and oeemed to ap- 
{NHoach Geneva by the right bank c^ the lake ; the image sail- 
ing from east to west, while the bark was sailing from north 
to south. The im^ge was of the same size as tli» (^ject when 
it first receded from the bark, but it grew less and less as it 
receded, and was only one-half that of the berk when the 
phenomenon ceased. 

While the French army was marching through the sandy 
deserts of Lower Egypt, they saw various i^enomena of un- 
usual refraction, to which they gave the name of mirage. 
When the surface of the sand was heated by Uie sun, the 
land seemed to'be terminated at a ceirtain distance by a general 
inundation. The villages ^tuated upon eminences appeared 
to be so many islands in the middle of a great lake, and under 
each village there was an inverted image of it As the army 
approached the boundary of the apparent inundation, the 
imaginary lake wftiidrew, and the same illusion appeared 
roumi the next village. M. Monge, who has described these 
appearances in the Memoires sur VE^ypte, ascribes tliem to 
reflexion from a reflecting surii^^e, which he supposes to take 
place between two strata of air of di^rent densities. 

One of the most remarkable cases of mirage was observed 
by Dr. Vince. A spectator at Ramsgate sees the tops of the 
four turrets of Dover Castle over a hDl between Ramsgate 
and Dover. Dr. Viiice, however, on the 6th of August, 1806, 
at^seven p. m., saw the whole of Dover Castle^ as if it had 
been brought over and placed on the Ramsgate side of the hill. 
The image of it was so strong that the hill itself was not seen 
through the image. * 

The celebrated yb^a morgana, which is seen in the straits 
of Messina, and which for many centuries astiniished the vul- 
gar and perplexed philosophers, is obviously a phenomenon of 
Siis kind. A spectator on an eminence in the city of Reggie^ 
with his back to the sun and his face to the sea, and when the 
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riBJng Bim diines from that point whence its incident ray 

fmos an angle of about 45° on the sea of Reggio, sees upon' 
the water nomberless series of pileBtere, archea, ca«tle« well 
delineated, regular columns, lofty lowen^ «uper^ palaces wilb 
balconies and windows, villages end trees, piains with herds 
and flocks, armies at men on fiiot UidoD horsebacli, all paaehig 
lapidly in gucceeaion en the surtace of the sea. These sune 
objects are, in particular states of the atmoepbere, seen in the 
air, tboufb less vividly ; and when the air is bazy, they are 
seen on ^e surftce of the wa, vividly colored, or &inged with 
all the prismatic colon. 

(154.) That the lAenomena above described are generally 
produced by Refraction throng strata of air of different den- 
sities may be proved by various e^riments. In coder tcv 
illustrate this. Dr. WdlEtston poured mto a square phial C^. 
132.) a smallyiintity of dear ryrup, and above this he poured 
Fir. la "■ ^'^^ quantity rf Water, which grad- 

ually combined with the syrup, as seen at 
A. The word Syrup upon a card held 
behind the bottle appeared erect when 
seen throogh the pure c^rnp, but inverted, 
as represented in the iigure, when seen 
throurii the mixture of water and syrup. 
Dr. Wollaston then put nearly the same 

Suantity of reet^td tpirit of wine above 
le iDoter, as in the same figure at B, and 
he saw the appearance there represented, 
the true place of the word Spirit, and 
the inverted and erect images below. 
Analogous [dienomena may be seen by 
looking at objects over tlie surface of a hot poker, or along 
the aurlace of a wall or painted board heated oy the sun. 

The late Mr. H. Blackadder has described some phencsnena 
both of vertical and lateral mira^ as seen at King George's 
Bastion, Leilh, which are verr mstructive. The extensive 
bulwark, of which this bastion forms the central part, is formed 
of huge blocks of cut sandstone, and from this to the eaittem ■ 
end the j^enomena are best seen. To the east (£ the tow^ 
the bulwark is extended in a straight line to the distance of 
600 feet It ie eight feet high towards the land, with a foot- 
way about two feet broad, and tiiree feet fnim Um ground. 
The parapet is three feet wide at lop, and is slightly inclined 
tt>wardB the sea. 

When the weather is &vi»able, the lop of the parapet r» 
■emblte a mirror, or rather a sheet cd* ice ; and if in tbw state 
another penon stanili or walks upoi it, an ohMrei at a little 



22Q 



A TBS4TI8B OK 0FTK)B« 



tABT IXJU 



distance will see an inverted image of the person under faim. 
If, while standing on the footway another person stands on it 
also, but at some distance, with his face turned towards the 
sea, his image will appear opposite to him, giving the appear- 
ance of two persons talking or saluting each other. If, aeainy 
when standmg on the footway, and looking in a direction from 
the tower, another person crosses the eastern extremity of the 
bulwark, passing tnrou^ the water-gate, either to or from 
the sea, there is produced the app^uance of two persMiB 

. moving in opposite directions, constituting what h«B, been 
termed a lateral mirage : first one is seen • moving past, and 
then the other in an opposite directkHfi, with some mterval be- 

, tween them. In looking over the parapet, distant objects are 
seen variously modified ; the mountains (in Fife) being conr 
verted into immense bridges ; and on going to the eastward 
extremity of the bulwark, and directiqg the ey^ towards the 
tower, the latter appears curiously modified, part of it being 
as it were cut ofi* and brought down, soi as to form another 
smafii and elegant tower in the form of certain sepulchral 
monuments. At olh^ times it bears aja ^xact res^mUance to 
an ancient altar, the fiice of which seema to burn with great 
intensity.* 

(155.) In order to explain as clearly as possible how the 
erect and inverted image of a ship is produced as in fig. 131,, 
let S P C^. Ida) be a ship in the horizon, seen at £ by 

' Fig, 133. 




means of mys S E, P E passing in straight lines through a 
track of air of uniform density lying between the ship and the 
eye. If the air is more rare at c than at a, which it may be 

firom the coldness of the sea below a, its rd&active power will 

■ ■ ■ — — — — - -, - » ■ ■ ^ 

* M^^rgk Jntnal qf SDmuo, No. V. {k la 
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be leas at c than at a. In this case, rays S i^ P c, which, 
under ordinary circumstances, never could have reached the 
eye at £, will be beat into curve lines P c, S (2 ; and if the 
variation of density is such that the uppemKwt of these rays 
S d crosses the other at» any point x, then S 4 will be under- 
most, and Will enter the eye £ as if it came from the lower 
end of the object. If £ p, £ 9, are tangents to these curves 
or rays, at the point where they^ enter the eye, the part S of 
the ship will be seen in the direction E s, and the part P in 
the direction E p ; that is,* the image s p will be inverted. In 
like manner, otner rays, S n, P m, may be bent into curves 
S n £, P m £, which do not cross one another, so that the 
tangent E «' to the curve or ray S n will still be uppermost, 
and the tangent Ejp' undermost Hence the observer at £ 
will see an erect image of the ship at s' p' above the inverted 
image « j), as in fig, 131. It is quite clear that the state of 
the air may be such as to exhibit only one of these images, 
and that these appearances may be all seen when the real 3iip 
is beneath the horizon. 

In one of captain Scoresby's observations we have seen 
^at the ship was drawn out, or magnified, in a vertical direc- 
tion, while another ship was contracted or diminished in the 
same direction. If a cause should exist, which is quite pos- 
sible, which elon^ted the diip horizontally at the same time 
that it elongated it vertically, the efiect would be similar to 
that of a convex lens, and, the ship would appear majgnified, 
and might be recognized at a ^stance fiir beyond the limits of 
unassisted vision. This very case seems to have occurred. 
On the 26th July, 1796, at Hastings, at five p. m. Mr. Latham 
saw the French coast, which is about 40 or 50 miles distant, 
as distinctly as through the best glasses. The sailors and fish- 
ermen could not at first be persuaded of the reality of the ap- 
pearance ; but as the cli£i gradually appeared more elevated, 
they were so convinced that they pointed out and named to Mr. 
Latham the difierent places wmch they had been accustomed 
to visit : such as the bay, the windmill at Boulogne, St Vallery, 
and other places on the coast of Picardy. All these^ places 
appeared to them as if they were sailing at a small distanc^ 
into the harbor. From the eastern clin or hill, Mr. Latham 
saw at once Dungeness, Dover clifii, and the French coast, all 
the way from Calais, Boulogne, on to St. Vallery, and, as some 
of the fishermen affirmed, as fiir as Dieppe. The day was ex- 
tremely hot, without a breath of wind, and objects at some 
distance appeared greatly magnified. 

This class of phenomena may be well illustrated, as I have 

T2 
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elaewliere* suggested, by holding a maas of healed ifoa above: 
a ooDsideraUe Siickness of water, placed in a glaas trough, 
with plates of parallel glass. By withdrawing the heated 
iron, the gradation of density increasing downwards, will be « 
accompanied by a decrease of density m>m the surikce, and 
through such a medium the phenomena of the mirage may be 
seen. 

(156.) That srane of the phenomena ascribed to unusual 
refraction are owing to unusual reflexion, arising from difier- 
ence of density, cannot, we think, admit of a doubt If an 
observer beyond the earth's aUilo^here at S, ^g, 129., w^re 
to look at one composed of strata of different refractive powers 
as shown in the figure, it is obvious that the light of the sun 
would.be reflected at its passage through the boundary of each 
stratum, and the same would happen if the variation of re- 
fractive power were perfectly gradual Well described case» 
of this kind are wanting to enable us to state the laws of the 
phenomena; but the S)llowing &ct, as described by Dr. 
Buchan, is so distinct, as to leave no doubt respecting its ori- 
gin. *' Walking on the clifi^,** says he, '* about a mile to the 
east of BnghUmt on the morning of iixe 18th of Novembefy 
1804, while watching the rising (3* the sun, 1 turned mv eyes 
directly towards the sea just as tiie solar disc emerged from 
the sur&ce of the water, and saw the fiice of the cliff on 
which I was standing represented precisely opposite tome sX 
some distance on the ocean. Calling the attention of my 
companion to this appearance, we soon alsq discovered our 
own figures standing on the summit of the opposite apparent 
clifl^, as well as the representation of a windmill near at hand. 
^The reflected images were most distinct precisely opposite to 
where we stood, and the false cliff seemed to &de away, and 
to draw near to the real one, in proportion as. it receded 
towards the west This phenomenon lasted i^bout ten minutes, , 
till the sun had risen nearly his own diameter above the sea. 
The whole then seemed to be elevated into the air, and suc- 
cessively disappeared, like the drawmg up of a drop scene in 
a theatre. The sur&ce qf the sea was covered with a dense 
&g of many yards in height, and which gradually receded 
before the rays of the sun. The sun*s light fell upon the cliff 

at an incidence of about TdP from the perpendicular.'' 

■ ■- — ■ — ^~- 

* Edinburgh Sneydoprndta^ art. Heat, 1 



CHAP; XXXn. 

ON THB KAINDOW.* 

(157.) Tbb rainbow is, as every per«»i knows, a luminoas 
arch extending across the regim of the sky opposite to the 
sun. Under very favorable circumstanoes, two bows are seen, 
the inner mid the outer, or the primary and the tecondary, 
and within the primary rainbow, and in contact with it, and 
without the secondary one, there have been seen supernu- 
merary bows. 

The primary or inner rambow, which is commonly seen 
alone, is part of a circle whose radius iQ^42^. It consists of 
seven dirorently colored bows, viz. violet, which is the inner- 
most, indigo, Aue, green, yeUotp, orange, and red, which is 
tiie outermost These colors have the same proportional 
breadth as the spaces in the prismatic spectrum. This bow is, 
therefore, only an infinite number of prismatic spectra, ar- 
ranged in the circumference of a circle ; and it would be easy^ 
by a circular arrangement of prisms, or by covering up all the 
central part of a large lens, to produpe a small arch of exactly 
the same colors. All that we require, therefore, to form a 
rainbow, is a great number of transparent bodies cabbie of 
forming a great number of prismatic spectra from the light of 
the sun. 

As the rainbow is never seen, unless when ram is actually 
fidling between the spectator and the sky opposite to the sun, 
we are led to believe that the ^ansparent bodies required are 
drops of rain which we know to be small spheres. If we look 
into a globe of glass or water held above the head, and oppo- 
site to the suh, we shall actually see a ]Hrismatic spectrum re- 
flected from the ftCrther side of the globe. In this spectrum 
the violet rays will be innermost, aira the spectrum vertical. 
If we hold me globe horizontal on a level with the eye, so as 
to see the sun^s light reflected in a horizontal plane, we shall 
see a horizontal ,spectrum with the violet rays innermost In 
like manner, if we hold a globe in a position intermediate be- 
tween these two, so as to see the sun's light reflected in a 
plane inclined 45^ to the horizon, we shall .perceive a spec- 
trum inclined 45^ to the horizon with the violet innermost 
Now, since in a shower of rain there are drops in all positions 
relative to the eye, the eye will receive spectra inclined at all 
angles to the horizon, so that when combined they wilL form 

the large circular spectrum which constitutes the rainbow. 
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To explain this more clearly, let E, Ftflg. 134., be drops of 
rain exposed to the sun's rays; incident upon ^em in the 



JPif.134. 






•■>?»• 

••HI? 
•Malt 

*!■• 







directions R E, R F ; out of the whole beam of light which 
falls upon the drop, those rays which pass through or near the 
axis of the drop will be refracted to a focus behind it, but 
those which fall on the upper side of the drop will be refracted, 
the re^ rays least, and (he violet most, and will fall upon the 
back of the drop with an obliquity such that many of them 
will be reflected, as shown in the figure. These rays will be 
again refracted, and will meet the eye at O, which will per- 
ceive a spectrum or prismatic image of the sun, with the red 
space uppermost, and the violet undermost If the sun, the 
eye, and the drops E, F, are all in the same vertical plane, the 
spectrum produced by E, F wiJJ form the colors at the very 
summit of the bow as in the figure. Let us now Suppose a 
drop to be near the horizon, so that the eye, the drop, and the 
sun, are in a plane inclined to the horizon ; a ray of the sun*8 
light will be reflected in tlie same manner as at E, F, with 
this difierence only, that the plane of reflexion will be in- 
clined to the horizon, and will fprm part of the bow distant 
from the summit Hence, it is manifest, that the drops of rain 
above the line joining the eye and the upper part of the rain- 
bow, and in the plane passmg through the eye and the sun, 
will form the upper part of the bow ; and the drops to the 
right and left hand of the observer, and without the line join* 
ing the eye and the lowest part of the bow, will form the 
lowest part of the bow on' each hand. Not a single drop, 
therefore, l^etween the eye and the space within the bow is 
concerned in its production : so that, if a shower were to fall 
regularly fiiom a cloud, the rainbow would appear before a 
single drop of rain had reached the ground. 
If we compute the inclination of the fed ray and the violet 



Tvy to the incidtent nya RE, RF, we sM find it to be 42^^^ 
fiv the reii, and 40<^ 17' lor the violet, so that the breadth of 
the rainbow wiU be the diflference of those iiumberB» or 1^ 45V. 
or nearly three times and a half the sun's diameter. These 
resolts ooiQcide so accurately with observation, as to leave a^ 
doubt that the priinary rainbow is produced by two reiractioas 
and one intermediate reflexion of the rays that &11 on the 
upper sides of the drops of rain. 

It is obvious that the red and violet rays will suffer a second 
reflexion at the points where they are represented as quitting 
the drop, but these reflected rays will go up into the sky, and 
cannot possibly reach the eye at O. £kit though this is the 
case with rays that enter the upper side of the drop as at £ F, 
or the side nithest from the eye, yet those which enter it <xi 
the under side, or the side nearest the eve^ may after two re- 
flexions reach the eye, as shown in the drops H, G, where the 
rays E, R enter the drops belqw. The red and vioUi rays 
will be refracted in difl^ent directions, and after being twice 
reflected will be finally refracted to the eye at O ; the violet 
fii^rming the t^per part, the red the und^ part of the spectrum. 
If we now oompute the inclination of these rays to the inci- 
dent rays R, R, we shall find them to be 50^ 57' for the red 
ray, and 54^ 7' for the violet rav ; the difler^oce of which or 
3^ 10' will be the breadth c^ the bow, and th^ distance be- 
tween the bows will be 8^ 55'.* Hence it is clear that ft 
secondary bow will be formed exterior to the primary bow» 
and with its colc»rs reversed, in consequence of their bein^ 
produced by two reflexions and two re&actiona The breadth 
of the secondary bow is nearly twice as ffreat as that of the 
primary one, and its colors must be much Winter, because it 
consists of light that has sufl^^ two reflexions in place of one. 

(158.) Sir Isaac Newton found the semi-diameter of the in- 
terior bow to be 42^, its breadth 29 KV, and its 'distance from 
the outer bow 8^ 90'; numbers which agr^ so well with the 
calculated results ajs to leave no doubt or the truth of the ex- 
planation which has been given. But if any &rther evidence 
were wanted^ it may be found in the &ct, which I observed in 
1812, that the Ught of both^the rainbows is whoUy polarized 
in planes passing through the eye and the radii of the arch. 
This result demonstrates l^t the bows are formed by reflexion 
at or near the pdarizin^ angle, from tiie surfiice of a trans- 
parent body. The production of artificial rainbows by the 
spray of a waterfall, or by a shower of drops scattered by a 

mop, or forced out of a syrihge, is another proof of the pre- 

*- -- - 
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ceding explanation. Lonar rainbows are somedmes seen^ bat 
the colon are fiunt, and Scarcely perceptiUe. In 1814, 1 saw, 
at Berne, ^ fog-bcw^ which resembled a nebuloos arch, in 
wdich the cdbrs were invisible. 

(15a) On the dth of Joly, 1828, 1 obosrved three snpernn- 
meraiy bows within the primary bow, each consistinfif of 
green and red arches, and in contact with the vkiet anm oC 
the primary bow. On the outside of the outer or secondary 
bow I saw distinctly a red arch, and beyond it a very fiiint 
green one, constituting a supernumerary bow, anaJogoo^ to 
those within the primary rainbow. 

I^. Halley has shown that the rainbow formed by three re- 
flexions within the drops will encircle the sun itself at the 
distance of 40^ 20', and that the rainbow formed by four re- 
flexions will likewise encircle him at the distance of 45^ 33'. 
The rainbows formed by five reflexions will be partly covered 
by the secondary bow. The light which forms these three 
bows b obviously too faint to make any impression on onr 
organs, and these rainbows have therefore never been observed. 

JMany peculiar rainbows have been seen and described. On 
the 10th Augnst, 1065, a fiiint rainbow was seen at Cfafairtres, 
crossing the primary « rainbow at its verteic. It was formed by 
reflexi<Hi from the river. 

On the 6th Augudt, 1608, Dr. Halley, whenrwalking on the 
walls of Chester, observed a remarkable rainbow, shown in 
fig. 135., where A B C is the primary bow, D H £ the second- 
ary one, and A F H G C the new bow intersecting the seoond- 
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ary bow D H E, and dividing it nearly into three parts. Dr. 
Halley observed the points F, G to rise, and the arch F G 
gradually to contract, till at length the two arches F H G and 
F G coincided, so that the secondary iris for a great srace lost 
its colors, and appeared like a white arch at the top. The new 
hoTff A H C, had its colors in the same order as the primary 
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one ABC, and consequently the reverse of the secondary 
bow ; and on this account the two opposite spectra at 6 and F 
counteracted each other, and prodticed whitened. The sun 
at this time shone on the river Dee, which was unruffled, and 
Dr. Halley found that the bow A H C was cmly that part of 
the circle of the primary bow that would, have been under the^ 
castle bent upWs^s by reflexion from the river. A third 
rainbow seen between the two common ones, and not con- 
centric with them, is described in' Rozier's Journal, and is 
doubtless the same phenomenon as that observed by Dr. Halley. 
Red rainbows, distorted rainbows, and inverted rainbows <»i 
the grass, have been seen. The latter are formed by the drops 
of rain suspended on the spiders' webs in the fields. 
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CHAP, xxxin. 

ON HALOS, CORONJB, PARHELIA, AND PARASBLENJE. 

(160.) When the sun and moon are seen in a clear sky, 
they exhibit their luminous discs without any change of color, 
and without any attendant phenomena. In other conditions 
9f the atmosphere, the two luminaries not only experience a 
change of color, but are surrounded with a variety c^luminoos 
circles of various sizes and forma When the air is charged 
with dry exhalatidns, the sun is sometimes as red as blwd. 
When seen tlirough watery vapors, he is shorn of his beams, 
but preserves his disc white and colorless ; while, in another 
state of the sky, I have seen the sun of the most brilliant 
salmon color. When light fleecy clouds pass over the sun and 
moon, th^ are often encircled with one, two, three, or even 
more, colored rings, like those of thin plates ; and in cold 
weather, when particles of ice are floating in the higher re- 
gions, the two luminaries are frequently surrounded with the 
most complicated phenomena, consisting of concentric circles, 
circles passing through their discs, segments of circles, and 
mock suns or moons, formed' at the points where these circles 
intersect each other. 

The name AoZo is given indiscriminately to these phenom- 
ena, whether they are seen round the sun or the moon. They 
are called parhelia when seen round the sun,' and paraseleruB 
when seen round the moon. 

The small halos seen round the sun and moon in fine wea- 
ther, when they are partially covered with light fleecy clouds, 
have been also called cororuB. They are veiy common round 
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the san, though, from the overpowering farightness of hid rayB» 
they are hest seen when he is observed b^ reflexion from the 
surface of fitiU water. In June, 1692, Sir Isaac Newton ol>- 
served, by reflexion in a vessel of standing water, three rings 
of color round the sun, like three little rainbows. The coKns 
of the first or innermost were blue next the sun, red without, 
and tohite in the iniddle between the blue and red. The colors 
of the second ring were purple and blue within, and pale red 
without, and green in the middle. The colors of' the third 
ring were paU blue within and pale red without The colors 
and diameters of the rings are more particularly given as fol- 
lows : — 

lat Rmg - Blue, white, red - Diameter, 5° to 6®. 

3d Ring - Pale blue, pale red - Diameter, 12^. 

On the 19th February, 1664, Sir Isaac Newton saw a Judo 
round the moon, of two rings, as follows : — . 

1st Ring - White, bluish green, yellow, red - Diameter, 3° 
5d Ring - Blue, green, red Diameter, 5^° 

Sir Isaac considers these rings as formed by the light pass- 
ing through very small drops of water, in the same manner as 
the colors of thick plates. On the supposition that the glob- 
ules of water are the 500th of an inch in diameter, he finds 
that the diameters of the rings should be as follows :-*- 

Ist Red ring Diameter, 7|° 

2d Red ring Diameter, 10^^^° 

3d Red ring --.--.. Diameter, Id^i 33' 

The rings will increase in size as the globules become less, 
and diminish if the globules become larger. 

The halos round the sun and moon, which have excited 
most notice, are those which are about 47° and 94° in diame- 
ter. In order to form a correct idea of them, we shall give 
accurate descriptions of two ; one 9, parhelion, and the other'a 
paraselene. 

The following is the original account of a parhelion, seen 
by Scheiner in 1630 : — 

(161.) "The diameter of the circle M Q N next to the sun, 
was about 45°, and that of the circle O R P was about 95° 20'; 
they were colored like the primary rainbow ; but the red was 
next the sun, and the other colors in the usual order. The 
breadths of all the arches were equal to one another, and 
about a third part less than the diameter of the sun, as repre- 
sented in^. 136. ; though I cannot say but the whitish circle 
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O G P, parallel to the horizon, was rather broader than the 
rest The two parhelia M, N were lively enoogh^ bat the 

Fig. 136. 




other twa at O and P were not so brisk. M and N had a par* 
pie redness next the sun, and were white in the opposite parts: 
O and P were all over white. They all difiered ui th^r do-^ 
rations; for P, which shone hot' seldom and but fiuntly, yan- 
ished first of all, beii^ coviered by a collection of pretty thick 
cloodsL The parhelion O continued constant for a ^eat while, 
though it was bat faint The two lateral parhdia M, N were 
seen constantly for three hotzrs together. M was in a lan- 
guishing state, and died first, after several straggles, bat N 
continued an hoar after it at least. Though I did not see the 
last end of it, yet I was sore it was the onl^ one that accom- 
panied the true sun for a long time, havmg escaped those 
clouds and vapors which extinguished the rest However, it 
vanished at last, upon the fall of some small showers. This 
phenomenon was observed to last 4} hours at least;, and since 
It appeared in perfection when I first saw it, I am persuaded 
its whole duration might be above five hour& 

" The parhelia Q, R were situated in a vertical plane pass- 
ing through the ^e at F, and the sun at G, in which vertical 
the arches H R U, O R P either crossed or touched one an- 
other. These parheUa were Bometimes brighter, sometimes 
fiiinter than the rest, but were liot so perfect in their shape 
and whitish color. They varied their magnitude and color ac- 
cording to the different temperature of Sie sun's light at G, 
and the matter that received it at Q and R ; and therefore 

(J 
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their light and color were almost always fluctaating, and coo- 
tinued, as it were, in a perpetual conflict. I took particuli^r 
notice that they appeared almost the first and last of the par- 
helia, excepting that of N. 

" The arches which composed the small halo M N next to 
the sun, seemed to the eye to compose a single circumferpnce, 
but it was confused, and had unequal breadlns ; nor did it con- 
stantly continue like itself but was perpetually fluctuating. 
But in reality it consisted of the arches expressed in the 
figure, as I accurately observed for this very purpose.* These 
arches cut each other in a point at Q, and there they formed a 
parhelion ; the parhelia M, N shining from the common inter- 
sections of the inner halo, and the whitish circle O N M P." 

(1^) Hevelius observed at Dantzic, on the 30th of March, 
1660, at one A. M., the paraselene shown in fig, 137. Tlie 
moon A was seen surrounded by an entire whitish circle 

¥ig. 137. 




B C D E, in which there were two mock moons at Band D; 
one at each side of the moon, consisting of various colors, and 
shooting out very long and whitish beams by fits. At about 
two o'clock a larger cu-cle surrounded the lesser, and reached 
to the horizon. The tops of both these circles were touched 
by colored arches, like inverted rainbows. The inferior arch 
at C was a portion of a large circle, and the superior at F a 
portion of a lesser. This phenomenon lasted nearly three hours. 
The outward great circle vanished first Then the larger in- 
verted arch at"C, and then the lesser; and last of all the inner 



* The four intersecting circles which form this inner ha]o are described 
iroin four centres^ one at eaeta angle of a small square. 
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circlekB C D £ disappeared. The diameter of this inner citcle^ 
and also of the superior arch^ was 45^, and thkt of the exterior 
circle and inferior arch was 90°. 

On another occasion Hevelius ohserved a large white rec- 
tangular cross passing through the disc of the moon, the moon 
being in the intersection of the cross, and encjrcled with a 
halo exactly like the inner one in the preceding figure. 

(163.) The frequeAt occurrence of the halos of 47*=' and 94<» 
in cold weather, and especially in the northern regions of the 
globe, led to the belief that they must be formed by crystals 
of ice and snow floating in the air. Descartes supposed that 
they were produced by refraction, through flat stars of pellucid 
ice ; and Huygens, who investigated the subject both experi- 
mentally and theoretically, bas published an elaborate theory 
of halo^ in which he assumes the existence of particles of 
hail, some of which are globular and others cylindrical, with 
an opaque nucleus or kernel having a certain proportion to the 
whole. He supposes these cylmders to be kept in a vertical 
position, by ascending currents of air or vapor, and to have 
their axes at all possible inclinations to the horizon, when they 
are dispersed by the wind or any other causes. He considers 
these cylmders to have been at first a globular collection of 
the softest and purest particles of snow, to the bottom of which 
other particles adhere, the ascending currents preventing 
them from adhering to the sides ; they will, therefore, assume 
a cylindrical shape. Huygens then supposes that the outer 
part of the cylinders may he melted by the heat of the sun, a 
small cylinder remaining unmelted in the centre, and that if 
the melted part is again frozen, it may have sufficient trans- 
parency to refract and reflect the rays of the sun in a regular 
manner. By means of this apparatus, the existence of which 
is not impossible, Huygens has given a beautiful solution of 
almost All the difficulties which have been ^countered in ex- 
plainmg the origin of halos. 

Sir fiaac Newton regarded the halo of 45° as produced by 
a difl^rent cause &om the small prismatic coronas ; and he was 
of opinion that it arose from refraction ** irom some sort of 
hail or snow floating in the air in a horiasontal posture, the re- 
fracting angle being about 58° or 60°." 

When we consider, however, the great variety of ciystal- 
line forms which water assumes in freezing ; that thes6 crys^' 
tals really exist in a transparent state in the atmo^here, in 
the form of crystals of ice, which actually prick the skui like 
needles ; and that simple and compound crystals of snow, <;^ 
evdry conceivable variety of shape, are often i^lin? through 
tiie lUsDosj^ere, and sometimes melting in passing mrough its 
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low« and wanner strata, we do not require any bypothptical 
cylinders to account for die principal phenomena of halos. 

Mariotte, Young, Cavendish, and others, have agreed in 
ascrihing the halo of 45^ or 46^ in diameter, to re&action 
throagh prisms of ice, with refracting angles of 60° floating 
in the air, and having their refracting angles in all directions. 
The crystals of hoar-frost have actuaUy such angles, and if we 
compute the^deviation of the refracted rays of the sun or moon 
incident upon such a prism!, with the index of refraction for 
ice, taken at VSt, we shall find it to be 21° 50', the double 
of which is 43° 40'. In order to explain the larger halo, Dr. ' 
Young supposes that the rays which have been once refracted 
by the prism may fall on other prisms, and the effect then be 
doubled by a second refraction, so as to produce a deviation 
of 90°. This, however, is by no means probable, and Dr. 
Young has candidly acknowledged the " great apparent probr 
ability*' of Mr. Cavendish's suggestion, that the external halo 
may be produced by the refraction of the rectangular termi*- 
nations of the crystals. With an index of refraction of 1*31, 
ttuB would give a deviation of 45° 44', or a diameter of 91° 
28', and the mean of several accurate ipeasures is 91° 40', a 
very ren^arkable coincidence. 

The existence of prisms with such rectangular terminations 
is still hypothetical ; but I have removed the difficulty on this 
point, by observing in the hoar-frost .upon stones, leaves, and 
woodf regular quadrangular crystals of ice, both simple and 
compound. 

Although halos ^le generally represented as circles, with 
the sun or moon in their centres,, yet their apparent form ia 
commonly an irregular oval, wider below than above, tlie sua 
being nearer their' upper than their lower extremity. Dr. 
Smith has shown that this is an optical deception, arising from 
the' apparent figure of the sky, and he estimates that when 
the circle touches the horizon, its apparent vertical diameter 
is divided by the moon, in the proportiouxof about 2 to 3 or 4 ; 
and is to the horizontal diameter drawn through the moon as 4 
to 3, nearly. 

With the view of ascertaining if any (rf'the halos are fi>nn- 
ed by reflexion, I have examineu them with ^oubly refracting 
prisms, and have found that the light which forms them has 
'not suffered reflexion. 

The production erf" halos may be illustrated experimentally 
by crystallizing various salts upon plates of glass, and looking 
through the plates at the sun or a candla When the crystals 
are granular and properly formed, they will {nrdduce the finest 
^ffectsL A lew drops of a saturated solution^of alum, &r ex^ 
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■iDple,qsead orer Aplatetf glasiaoutociratillixe qnicUy, 
will coTer it with an imperfect cruat, coDsittiiig <^ Sal octo- 
bedral crystala, scarcely visible to the eje. When the ob- 
server, with his eye pl&ced cltse behind the Emooth aide of the 
g]faa plate. loota through it at a luminous body, be will per- 
ceive three Jim halm at diiTerent distaiicea, eocircling the 
BDUrce bT lighL The interior balo, which ii the whitest <^ 
the three, is formed by the lefractJoit of the rays through a 
pair of fiices in the ciyHtals that are lectst iodined to each' 
other. The second hfJo, which is blue without and red within, 
with all the prismatic c^dors, ie f(»ined by a pair of nuve in- 
clined fiicee; and the third hkto^ which is lar^ and brilliantly 
adored, from the increased refraction and dispersitai, is fbnned 
by the mcst inclined Ibcea. As eacb crystal of alum has thre« 
paiiBof each of these bcluded prisms, and aa these retracting 
ftcea will have every pOesible direction to the borizonr it is 
easy to onderstand how the halos are compieted and equally 
luminous throughout When the crystals have the property 
cf double refraction, and when their axis is perpendicukr to 
the plates, more beautiful cranbinatioua will be produced. 

(164.) Among the luminous phenomena of the atmoephete, 
we may here notice that of converging and diverging eolar 
beams. The phenomenon of diverging btomt, represented in 
Jig. 138., ia <x ftequent occurrence in summer, sod when the 
aoD ia necu the horizon ; and arises from a portim of. the nm's 



rays passing tlmmgh openings in tlie clouds, while the adjacent 

portions «re obstructed by the clouds. The plieuomenoii of 
eoiuitTging beatat, which is of much rarer occurrence, is . 
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iihown ID fig. 139., where the rays converge to a point A, aa 
&r helow the horizon M N as the min is bSotc it Thia jjie- 
ia alwayB seen opposite to the bud, and genenlly at 



the Mme time with tttephenomeiKBid' diverging beanus uif 
utother son, diametrical^ c^pinte to tbe raal one, were below 
the horizon at A, and throwui^ out his divergent beams. In a 
pbeDomesion of this kind which I saw in 1821, ihe eastern 

fartioD ai the horizon witere it appeared was occupied with a 
lack cloud, which seems to be necessary as a ground, for 
rendering visible such feeble radiations. A few muiutes after 
the phenomenon was first seen, the converging lines were 
black, or very dark ; an effect which seems to have arisen 
from the luminous beams having become broad and of unequal 
intensity, so tlmt the eye took up^ as it were, the dark spaces 
between (he beams more readily than the luminous beams 



This phenomenon is entirely one of perspective. Let us 
suppose beams inclined to one another like the meridians oS a 
globe to divei^ &om the sun, as these meridians diverge from 
U)e north pole of the globe, and let as suppose that planea 
pass through all these meridians, and through the line jraning 
the observer and the sun, or their common intersection. An 
eve, therefore, placed in that line, or in the common inteiBec< 
tion of all the ^fleen plutea, wiU see the fifteen beams con- 
verging lo a point opposite the sun, just as an eye in the aiia 
of a globe would see all the fifteen meridians of the globe 
{Converge to its south pole. If we suppose the axis of a globe 
OT 1^ an armillary sphere to be directed to the centres d* the 
diveigii^ and converging beamf, and a plane topase through 
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the globe parallel to the horizon, it would cut off the meri- 
dians 80 as to exhibit the precise appearances in fis, 138. and 
fig. 19d. ; with this difference only, that there woufi be fiiteen 
beams in the divergring system m the place of the number 
shown in J(^. 139* 



CHAP. XXXIV. 

ON THS OOIiORS OF NATURAL BODIES. 

(165.) Thkue is no branch of the application of opticdi 
science which po^esses a greater interest than that which 
proposes to determine the cause of the colors of natural bodies. 
Sir Isaac Newton was the first who entered into an elaborate 
investigation of this difficult subject ; but though his specular 
tions are marked with the peculiar ^liius of their author, yet 
ti^ey will not stand a rigorous exammation ^mder the lights of 
modern science. 

That the colors of material nature are not the result of any 
quality mherent in the colored body has been incontrovertibly 
proved by Sir Isaac. He found that all bodies, of whatever 
color, exhibit that color (mly when they are placed in jvhite 
light In homogeneous rea li^ht they appeared red^ in vioki 
light vtolef, and so on ; their cSors bemff always best displayed 
when placed in their own daylight colors. A rei wafer, fiir 
example, appears red in the white light of day, bec^ause it re- 
flects teA light more copiously than any of me 'other colora 
If we place a red wafer m yeUow light, it can no longer ap- 
pear red, because there is not a particle of red light in the 
. yellow light which it could reflect It reflects, however, a 
portion of yellow light, because there is some yellow in the 
red which it does reflect If the red wafer had reflected no- 
thing but pure homogeneous red light and not reflected white 
light from its outer surface, which all colored bodies do, it 
would in that case have appeared absolutely black when 
placed in yellow light The colors, therefore^ of bodies arise 
from their property of reflecting or transmitting to the eye 
certain rays of white li^t, whue they stifle or stop the re- 
maining nnrs. To this pomt the Newtonian theory is support- 
ed by mfallible ei^riments; but the prmcipal part of the 
theory, which ha;3 for its object to determine the manner in 
which particular rays are stopped, while others are reflected 
or transmitted, is not so well founded. 
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. As Sir Isaac has stated the principles of his theory with the 
greatest clearaeaB, we shall give them in his own words. 

**lst. Those superficies of transparent bodies reflect the 
greatest quantity of light which have the gredtest refracting 
power ; that is, which separate media that difier most in their 
refracting power. And in the tonfines of equally refracting 
media there is no reflexion. 

I **2d, The least ports of almost all natural bodies are in 
some measure transparent ; and the opacity of these bodies, 
arises from the multitude of reflexions caused in their internal 
parts. 

" 3d, Between the parts of opaque and colored bodies are 
many spacesj^ either empty, or repl^ished with mediums of 
other densities; as water between the tinging corpuscles 
wherewith any liquor is impre?nated; aif l^tween the 
aqueous globules that constitute clouds or mists ; and for th« 
most part spaces^ void of both air and water, but yet perhaps 
not wholly void of all substance, between the parts of all 
bodies. . , 

** 4th, The parts of bodies and their interstices must not be 
less than of some definite bigness, to render them opaque and 
colored. , 

**6th, The transparent parts of bodies, according to their 
several sizes^ reflect rays of one color, and transmit those of 
another, on the same grounds that thin plates or bubbles do 
reflect or transmit these rays; and this I ta!ke to be the ground 
of all their color&" 

" 6th, The parts of bodies on which their colors depend are 
denser than the medium which pervades their intersticea 

**7th, The bigness of the component parts of natural bodies 
may be conjectured by their colors." 

Upon these principles Sir Isaac > has endeavored to explam 
the phenomena of transparency^ black and white opacity, and 
color. He regards the transparency of water, salt, glass, 
stones, and such like substances, as arising from the smiulness 
of their particles, and the intervals between them ; for though 
he considers them to be as full of pores or intervals between 
the particles as other bodies are, yet he reckons the particles 
and their intervals to be too small to cause reflexion at their 
common surfaces. Hence it follows, from the table in page 
03, that the particles of air and their intervals cannot exceed 
the half of a millionth part of an inch ; the particles of water 
the jth of a millionth, and those of glass the ^ of a millionth; ^ 
because at these thicknesses the liffht reflected is nothing, or 
the very black of- the first order. The opacity of bodies, such 
as that of white paper, linen, &;c., is ascribed by Newton to a. 
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greater size of tbe particles and their iotervak^ vis. sach a 
size as to reflect the white, which is f miztare of the colors 
of the different orders. Hence in air they must exceed 77 
millionths of an ipch, in water S7 milliontl^ and in glass 50 
inillioQth& 

In like manner all the different colors in Newton's tahle 
are si^posed to be produced when the particles and their in* 
tenrals have an intermediate size .between that which pro* 
duces transparency and that which produces white opacity. 
If a film 6f tnica^ for example, of an uniform Idue color, is cut • 
into the smallest pieces ci the same thickness, every piece 
will keep its color, and a heap of such pieces will constitute a 
masB of the same color. ^ 

So &r the Newtonian theory is plausible ; but in attempting 
to explaia black opacity^ such as that of coal and other lx)diefl 
ahsolutely impervious to light, it seems to fiul entirely. To 
produce blacknes, **the particles must be less than any of 
those which exhibit color. For at all greater sizes there is top 
much light reflected to constitute this color ; but. if they be 
supposed a little less than is requisite to reflect the white and 
very fiunt blue of the first order, they will reflect io very little 
light as to appear intensely black." That such bodies will be 
bkck when seen by reflexion is evident ; but what becomes 
of all the transmitted light ? This question seems to have 
perplexed Sir Isaac The answer to it is, '* tt may perhaps 
he varioutly refracted to and fio within the bodyy until it 
happens to be stifled and lost ; Ify which means it will appear 
intensel]^ black.*^ 

In this theory, therefore, trarupareney and blackness are 
supposed to be produced by the very same constitution of the 
body; and a r^raction to and fro is assumed to extinguish 
the transmitted li^t in the one case, while in the other such 
a refiraction is entirely excluded. 

In the production of colors ci every kmd, it is assumed 
that the complementary color, or genendly one half of the 
light, is lost by repeated reflexions. Now, as reflexion only 
chiuges the direotion of light, we should expect that the light 
thus scattered would show itself in some form or olher ; but 
though many accurate experiments have been made to discover 
it, it has never yet been seen. 

For these and other reasons,*! which it would be out of - 
place here to enumerate, I consider the Newtonian theory o[ 

f See a more detailed eiamidatiotf of the theory in my Life of Sir Iiaao 
Newtoa. 

t For an account of Sir David BrewaterHi outline of a new theory of , the 
colora of natural bodies, seOxNote VII. of Am. ed. 
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colors as »pplicaUje only to a small class of phenomena, while 
it leaves unexplained the colors of fluids and transparent 
solids, tod all the beautiful hues of the vegetable kingdom. Jn 
numerous experiments on the colors of leaves, and on the 
juices expreissed from them, I have never been able to see the 
complementary color which disappears, and I have almost in- 
variably found that the transmitted and the reflected tint is 
the same. Whenever there was an appearance of two tints, 
I have found it to arise from there being two difrerently color- 
ed juices existing in different sides of the leaf. The New- 
tonian theory is, we doubt not, applicable to the colors of the 
wings of insects, the feathers of birds,' the scales of fishes, the 
oxidatjed films on metal and glass, aiid certain opalescences. 

The colors of vegetable life and those of various kinds of 
solids arise, we are persuaded, from a specific attraction which 
the particles of these bodies exercise over the differently col- 
ored 'rays of light It is by the light of the sun that the colored 
juices of plants are elaborated, that the colors of bodies, are 
changed, and that many chemical combinations and decompo- 
sitions are effected. It is not easy to allow that such effects 
can be produced by the mere vibration of an ethereal medium ; 
and we are forced, by this class of fiicts, to reason as if light 
was material When a portion of light enters a body, and is 
never again seen, we are entitled to say that it is detained by 
some power exerted over the light by the particles of the body. 
That It is attracted by the particles seems extremely probable, 
and that it enters into combination with them, and produces 
various chemical and physical effects, cannot well be doubted ; 
and without knowing the manner in which* this combination 
takes place, we may say that the light is absorbed, which is 
an accurate expression of the fact 

Now, in the ciEise of water, glass, and other transparent 
bodies, the light which enters their substance has a* certain 
small portion of its particles absorbed, and the greater part of 
it which escapes from absorption, and is transmitted, comes 
out colorless, because the particles have absorbed a propor- 
tionfd quantity of all the different rays which compose white 
light, or, what is the same thing, the body has absorbed white 
light 

In all colored solids and fluids in which the transmitted 
light has a specific color, the particles of the body have ab- 
sorbed all the rays which constitute the complementary color, 
detaining sometimes all the rays of a certain definite refiran- 
gibility, a portion of the rays of other refiimgibilities, and al- 
lowin£^ other rays to escape entirely from amorption ; all the 
rays tnus stopped will form by their union a particular com* 
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poand color, which will be exactly complementary to the color 
of the transi;Ditted rays. 

In black bodies, such as coal^ &c., all the rays which enter 
their substance are absorbed ; and hence we see the reason 
why such bodies are more easily heated and inflamed by the 
action of the luminous ray& The influence exercised by heat 
and cooling upon the absorptive power df bodies furnishes an 
additional support to the preceding views. 

(166.) Berore eoncluding this chapter, we may mention a 
few curious facts relative to white opacity, black opacity, and 
color, as exhibited by some peculiar substances. 

1st, Tabasheer, whose refractive power is 1*111, between 
air and water, is a silicious concretion found in the joints of 
the bamboa The finest varieties reflect a delicate azure 
color, and transmit a straw-yellow tint, which is complements 
ary to the azure. When it is slightly wetted with a wet 
needle or pin, the wet spot instantly becomes milk white and 
opaque. The application of a greater quantity of water re- 
stores its transparency. 

2dly, The cameleon mineral is a solid substance made by 
heating the pure oxide of manganese with potash. When it is 
dissolved in a little warm water, the solution changes its color 
from green to blue and purple, the last descending in the order 
of the rings, as if the particles became smaller. 

3dly, A mixture of oil of sweet almonds with soap and sul- 
phuric acid is, according to M. Claubry, first yellow, then 
orange, red, and violet. In passmg from the orange to the 
red, the mixture appears almost black, 

4thly, If, in place of oil of almonds, in the preceding ex- 

Eeriment, we employ, the oily liquid obtained from alcohol 
eated with chlorine, the colors of the mij:ture will be pale 
'yellow, orange, black, red, violet, and beautiful blue, 

5thly, Tincture of turnsole, after having been a consider- 
able time shut up in a bottle, has an orange color; but when 
the bottle is opened and the fluid shaken, it becotnes in a few 
minutes red, and then violet-blue, 

6thly, A solution of hcematine in water containing some 
drops of acetic acid is a greenish yellow. When introduced 
into a tube containing mercury, and heated by surrounding it 
with a hot iron, it assumes the v&rious colors of yellow, 
orange, ref^^and purple, and returns gradually to its prunitive 
tint 

7thly, Several of the metallic oxides exhibit a temporary 
change of color by heat, and resume their original cojor by 
cooling. M. Chevreul observed, that when mdigo, spread 
upon paper, is volatilised, its color passes into a very brilliant 
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poppf-red. The yellow |Aciepfa&te«r letd grows green when 

Stiilj, One of the moet remarkable 6eta, howereT, is Umt 
diicovered 1^ M. Thenud. He found that pbosfdionis, porified 
hy repeated dJetiUatioDs, tboogh natiuallj of a whilidi yellow 
color when allowed to cool slowly, become* abtolutdi/ black 
wtien thrown melted ioto cold water. Upon toochii^ amte 
little globules tbat still r^naiDed yellow aiid liquid when be 
was repeating tbia experiment, H. Biot SoaoA tbat tiny in- 
ataatly became aolid and blacL 



CHAP. XXXV. 



An account of the stractare and fUuctioDS of the hnman 
eye, that masterpiece of divine mecbanism, fiirms an intereal- 
ias branch of applied optic& This noble oi^an, by means a( 
i^icb we acquire so large a porttCHi of our knowledge of the 
material univecse, is represented in J^>. 140. and 141., the 
Ibrmer being a front and external view cf it, and the latter a 
section of it through all its humors. 

The hnman eye is of a spherical Ibnn, with a slight [ntv- 
jectioB in front The eyeball or globe of the eye consists rf 
nur eiMa or meubranes, which have received the names of 
the Mderotie coat, the choroid coat, the cornea, and the retina ; 
and thsfle coats inclose three humors, — the aqueous humor, 
the mtreottt humor, and the cryilaUiae humor, the last of 
which has the fonn of a lens, ^e sclerotic coat, aaaa, or 
the outermost, is a strong and tough merohane, to which are 
.attached all the muscles which give motioo to the eyeball, 
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^d it> constitutes tHe .white of the eye, a a, J^. 140. The 
comeoj 6 6, is the clear aiid transparent coat which forms the 

tig- 141- 
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front of the e^ehall> and is the first optical surface at which 
the rays of li^ht are refracted. It is firmly united to the 
sderolic coat, hlling up, as it were, a circukr aperture in its 
front. The cornea is an exceedingly tough membrame, of 
equal thickness throughout, and composed of several firmly 
adhering layers, capable of opposing ereat resistance to e.t- 
temal injury. The choroid coat is a delicate membrane lining 
the inner surface of the sclerotic, and covered on its inner 
surface with a black pigment. Immediately within this pig- 
ment, and close to it, lies the retina, rrr, which is the inner- 
most coat of all. It is a delicate reticulated membran'e, formed 
by the expansion of the optic nerve, O O, which enters the eye 
at a point about j^ of an inch from the axis on the side next 
the nose. At the extremity of the axis of the eye, in a line 
passing through the centre of the cornea, and perpendicular 
to its surface, there is a small hole with a yellow margin, 
called the foramen c«nera2€, which, notwithstanding its name, 
is not a real opening, but only a transparent spot, firee from 
the soft pulpy matter of which the retina is composed. 

In looking through the cornea from without, we perceive a 
fiat circular membrane, ef. Jig, 141., or within, b b, fig, 140., 
which is grey, blue, or black, and divides the anterior of the 
eye into two very unequal parts. In the centre of it there is 
a circular opening, d, called the pupU, which widens or evr 
pands when a smsQl portion of light enters the eye, and closes 
or contracts when a ^reat quantity of light enters. The twd 
parts into which the iris divides the eye are called the anterior 
and the posterior chambers. The anterior chamber, which is 
anterior to the iris, ef, contains the aqueous humor ; and the 
posterictf chamber, which is posterior to the iris, contains th^ 
crystalline and vitreous humors, the last of which fills a great 
portioa of the eyebalL 
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The crystalline lens, « Cjjig, 141., is a more solid substance 
than either the aqaeoos or the vitreous humor. It is suspended 
in a transparent bag or capsule by the ciliary processes, g g, 
which are attached to every part of the inargin or circumfer- 
ence of the capsule. This lens is more convex behind than 
before ; the radius of its anteriot surface being 0*30 of an inch, 
and that of its posterior sur&ce 0*22 of an inch. The lens 
increases in density from its circumference to its Centre, and 
possesses the doubly reflecting structure. It consists of con- 
centric coats, and these are again composed of fibres. The 
mtreaus humor, V V, is contained in a capsule, which is sup- 
posed to be divided into several compartnrient& 

The total len^ of the eye from O to 6 is about 0*91 of an 
inch ; the principal focal distance of the lens, c c, is 1-73 ; and 
the range of the moving eyeball, or the diameter <^ the field 
of distinct vision, is 110^. The field of vision is. 50^ above a 
horizontal line and 70^ below it, or altogether 120° in a ver- 
tical* plane. It is 60° inwards and 00° outwards, or altogether 
in a horizontal plane 150°. 

I have found the following to be the refractive powers of 
the different humors of the eye; the ray of light being inci- 
dent upoi^ them fh)m air : — ^ 

Aquetmt ■ * CryttdUine Lens. Vitreous 

ilUmor. SarflKC. Ceatro. Heu. Hvnwr. - 

1*3366. 1-3767. 1*3990. 1*3839. 1-3394. 

But as the rays refracted by the aqueous humor pass into 
the crystalline, and those from the crystalline into the vitreous 
humor, the indices of refraction of the separating sur&ce of 
each of these humOTs will be : — 

From aqueous humor to outer coat of the crystalline 1*0300 

From do. to crystalline, using the mean index - - 1*0353 

From crystalline outer coat to vitreous . . . . « 0*9729 

From do. to do. using the mean index - . . 0*9679 

As the cornea and crystalline lens must act upon the rays 
.of light which fall upon the eye exactly like a convex lens, 
inverted images of external objects will be formed upon the 
retina rrr in precisely the same manner as if the retina were 
a piece of white paper in the focus of a single lens placed at 
d. There is this difference, however, between the two cases, 
that in the eye the spherical aberration is corrected by means 
of the variation in the density of the crystalline lens, which, 
having a greater refractive power near the centre of its fiiass, 
refracts the central rays to the same point as the rays whieh 
pass through it -near its circumference cc. No provision, 
however, is made in the human eye for die correction of cdor. 
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because the deviatioii of the diflfereatly colored rays is too 
small to produce indistinctness of vision. If we stmt up all 
the pupil excepting a pcnrtion of its edc^e, or look past the 
finger held near the eye, till the finder umost ludes a narrow 
line of white light, we shall ^see a distinct prismatic spectrum 
of this line containing all the different colors; an effect which 
could not take place if the eye were achromatic. 

That an inverted image oi exjtemal objects is formed on 
the retina has been often proved, and tnay be ocularly demon- 
str&ted by taking the eye oi an ox, and paring away with a 
sharp instrument the sclerotic coat till it becomes thin enough 
to see, the image through it Beyond this point optical science 
cannot carry us. In \diat manner the retina conveys to the 
brain the impressions which it receives from the rays .of light 
we know not^ and perhaps never shall know. 

On the Phenomena and Laws of Visum 

(167.) 1. On the seat of vision, — The retina, firom its deli- 
cate structure, and its proximi;^y to the vitreous humor, had 
always been regarded as the seat of vision, or the surftice on 
which the refracted layd were converged to their feci, fi>r the 
purpose of convejring the impression to the brain, till M. 
Mariotte made the curious discovei^ that the base of the Qptic 
nerve, .or the circular section of it at O, fig, 141., was in- 
capable of conveying to the brain the impression of distinct 
vinon. 

He found that when the linage of any external object fell 
upon the base of the optic nerve, it instantly disappeared. In 
order to prove this, we have only to place upon tne wall, at 
the height of the eye, three wafers, two feet distant from each 
other. Shutting one eye, ^tand opposite to the middle wafer» 
and while looking at the outside wafer on the same hand as 
the £^ut eye, retiregradually from the wall till the middle 
wafer disappears. 1!wb will happen at about five times the 
distance of the wafers, or ten feet from the wall ; and when 
the middle wafer vanishes, the two outer ones will be distinctly 
seen. If candles are substituted for wafers, the middle candle 
will not disaf^^ear, but it vnll become a cloudy mass of light 
If the wafers are placed upon a colored wall, the spot occu- 
pied*by the wafer will be covered by the color of the wall, as 
if tl)^ wafer itself had been removed. According to Daniel 
Bernoulli, the part of the optic nerve insensible to distinct 
impressions occupies about the seventh part of the diameter 
ef the eye, or about the eighth of an men. 

This unfitness <^ the utse of the optic nerve for giving 
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▼ianoD, induced Mariotte to beliere liwt tbe ckormi 
coat, which lies immediately helow the retiiia, peifanm tlK 
fbnctinis ascribed to the retina; ftr where there was no 
choroid coat there was no distinct vision.' The opacify ci the 
choroid ooet and the transparency of the retina, which rendep> 
ed it an unfit groond for the reception of images, were aign- 
ments in fitvor attius opinion. Comparative anatomy fbmishes 
%»vntik anoth» argmnent, perhaps even inore oonclosiYe than 
any of those nrged by Mariotte. In the eye of the sepi0 # 

ioligo, or cattle-fisfa, an opaqoe membranoos pigment is inter- 
posed between the retina mid the vilreouM kumor^ so that, if 
the retina is essential to vision, the impressions of the image 
on this Mack membrane most be conveyed to the retina fay 
the vibrations of the membrane in fiont of it Now, since 
the homan retina is transparent, it will not prevent the images 
of otgects from being fi>rmed on the choroid coat; and the 
vibrations which they excite in this membrane, being com- 
municated to the retina, will be conveyed to the brain. These 
views are strengthened fay another fact of some interest I 
have observed in young pereons, that the choroid coat (which 
is generally supposed to be Mack, and to grow fainter fay age,) 
reflects. a Inilliant crimson color, like that of dogs and oSier 
animalsL Hence, if the retina is affected by rays which pass 
through it, this crimson light which must necesanly he trans- 
mitted by it ought to excite the sensation of crimson, whidi 1 
find not to be the case. 

A French writer, M. Lehot, has recently written a work^ 
endeavoring to prove (Jiat the seat f£ vision is in the vitreous 
humor; and that, in place of seeing a fiat picture of the ob^ 
ject, we actually see an image of three dimensions, viz. with 
length, breadth, and thickness. To produce this el^t, he 
supposes that the retina sends out a numtpef of small nervous 
fiilaments, which extend into the vitreous humor, and coov^ 
to the brain the impressions of all parts of the image. If this, 
theory were^ true, the eye would not require to adjust itself to 
difierent distances ; and we besides know for certain, that the 
eye cannot see with equal distinctness two points of an object 
at difierent distances, when it sees one of them perfectly. M. | 

Lehot might indeed rejdy to the first of these objections, that 
the nervous filaments may not extend far enough into the 
vitreous humor to render adjustment unnecessary ; but tf we 
admit this, we would be admitting an imperfection of work- 
manship, in so far as the Creator would then be employing two . 
—————————— —__—_——_——_ j 

Th, Knox, Bii9i. Jvmmal ^ SeUnee, No. VL p. 109. 
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Unds of mechanism to produce an eflfect which could have 
been easily produced by* either of them separately. 

As dilEcuItiea still attach to every opinion respecting the 
seat of vision, we shall still adhere to the usual expression 
used by all optical writers, viz. that the images of objects are 
painted on the retina. 

(16a) 2. On the law of visible rfirccfton.— When a ray 
of light falls upon 'the retina, and gives us vision of the point 
of an (^ject from which it proceeds, it becomes an interestiri^ 
questbn to determine in what direction the object will be seen, 
reckoning frcNn the point where it fidls upon the retina. In 
Jig. 142., let F be a point of the retina on which the image of 
a point of a distant object is fi>rmed by means of the crystulihe 

mg. 142, 




l^ns, supposad to be at L L. Now, the rays whiphform ibe 
imaee of the point at F fidl upon the retina in all possible di* 
rectKMis from L F to L F, and we kniw that the point F ie§ 
seen in the directitm FOR. In the same manner, the points 
ff are seen somewhere in the directions /' S,/T. These 
lines F R,/' S,/T, which may be called the lines of visible 
direction^ may either be those which pass through the centre 
C of the lens L L, or ^ in the case (» the eye, through the 
centre of a lens equivalent to all the refractions employed in 
producing the image ; ox it may be the resultant of all the 
^lirections within the angles' L FL, L/L; or it may be a line 
perpeflflicttlar to the retma at F,/'/. In oider to determine 
ttiis point,> let us look over the top of a card at the point of 
the object whose image is at F till the edge of the card is just 
about to hide it, or, what is the same thing, let us obstruct all 
the rays that pass through the pupil excepting the upper ones, 
JIL, RC; we shall then find that tiie point whose image is at F, 
is seen in the same direction as when it was seen by all the 
rays L F, C F, L F. If we look beneath the card in a similar 
maimer, so as to see the object by the lower rays, R LF, RC F 

V2 
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we ahall see it in the same direction. Hence it is tnani&tiC 
that the line of yisibie direction does not depend on the direct 
tion of the ray, but is always perpendicular to the retina. Tins 
important truth in the physiofog'y of vision may be proved in 
another way. If we look at the sun over tiie top of a eaidi 
as befi>re, so as to impress the eye with a permanent spectnun 
by means of rays L F ^in^ obliquely on the retina, this 
spectrum will be seen along the axis of vision FC« In like 
manner, if we press the eyeball at any part where the retina 
is, we shall see the luminous impression which is produced, ia 
a direction perpendicular to the pcmit of pressure ; and if we 
make the pressure with the head of a pin, so a^ to press either 
obliquely or perpendicularly, we shall find thtft the luminous 
spot has the same direction. 

Now, as the interior eyeball is as nearly as possible a perfect 
sphere, lines perpendicular to the surface of the retina must 
all pass through one single point, namely, the centre of its 
spherical surface. This one point may be called the centre of 
visible direction, because every point of a visible object will 
be seen in the direction of a line drawn from this centre to 
the visible point When we move the eyeball by means of ita 
own muscles through its whole ran^e of 110°, every point of 
an object within the area of the visible field either of distinct 
or indistinct vision remains absolutely fixed, and this arises * 

from the immobility of the centre of visible direction, and, 
consequently, of the lines of visible direction joining that 
centre and every point in the visible field. Had the centre c^ 
visible direction been out \>f the centre of the eyeball, this , ' 
perfect stability of vision could not have existed. If we press 
the eye with the finger, we alter the spherical fi)rm of the 
surface of the retina ; we consequently alter the direction of 
lines perpendicular to it, and also the centre #liere these lines 
meet; so that the directions of visible objects should be 
changed by pressure, as we find them to ba 

(169.) §. On the cause of erect vision from an inverted 
image.^A3 therefractions which take place at the sur&ce of 
the cometL, and at the surfaces of the crystalline lens, act ex- 
actly like those in a convex lens in forming behind it an in- J 
verted image of an erect object ; and as we know from direct ^ 
experiment that an inverted image is formed on the retina, it 
has been long a problem among &e learned, to determine hcfw 
an inverted image produces an erect object It would be a 
waste of time to give even an outline of the difierent opinions ^ 
which have been entertained on this subject; but there is one 
so extraordinary as to merit notice. According to this opinion, 
all infanta see objects upside down, and it is c^y by comparing 
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the errooeotm lal^iiMtiDD acquired by vimon mik the accanto 
information acquired by touch, that the young learn to .see 
olijects in an erect poeition ! To refute such an opinion would 
be an insult to Uie uiteUigent reader. The establishment of 
the true cause of erect vision necessarily overturns all erro- 
neous hypothesea 

The law of visiUe direction above ezplamed,\ and deduced 
from direct ezpenment, removes at once every difficulty that 
besets the subject. The lines of visible direction necessarily 
cross each other at the centre of visible direction* so that tho^ 
fromlfae lower part of the image go to the upper part of the 
object, and ttoe from the up{)er put of the image to the lower 
part oi the eiject Hence, in Jig. 142. the visible direction 
of the point/', formed by nys coming from the upper end S 
c^ the object, will be/' C S, and the visible dir^ticm of the 
point/ formed ^ rays coming &om the lower end T of the 
object, will be/C T; so that an inferted image necessarily 
produces an erect object 

This conclusiqi may be illustrated in another way. If we 
hold up against the sun the erect figure of a man, cut out of 
a piece of black paper, and look at it steadily for a litUe 
while; if we then shut both eyes, we shall see an erect spec- 
trum of the man when the figure of the paper is erect, and 
an inverted spectrum of him when the figure is held in an 
inverted position. In this case, there are no rays proceeding 
from the object to the retinnf after the eye is shut, and therefore 
the object is seen in the positions above mentioned, in virtue 
of the lines of visible direction being in all cases perpendicular 
to the impressed p^trt of the retina. 

(170.) 4 On the law of dUtinct tdtion, — ^When the eye 
is directed to any point of a landscape, it sees with perfect 
distinctness oilfty that point of it which is directly in the axis 
of the %ye, or the image of which fidls upon the central hole 
of the retina. But, though we do not see any point but the 
one with that distinctness which is necessary to examine it, 
we still see the other parts of the landscape with sufficient 
distinctness to enable us to enjoy its general ef^t The ex- 
tremdnnobility c£ the eye, however, and the duration of the 
'impressions made upon the retina, make up for this apparent 
defect, and enable us to see the landscape as perfectly as if 
every part of it were seen with equal distinctness. ^ 

The indistinctness of vision for all objects situated out of 
the axis of the eye increases with their distances from that 
axis; so that we are not entitled to ascribe the distinctness of 
vision in the axis to the circuinstance of the image being 
Ibrmed on the central hole of the retina, where there is no 
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nervous matter; fer. if this were the case, ih&te would be a 
precise boondary betwemi distinct and indistinct vision, or the 
retina would be foand to grow thicker and thicker as it re- 
ceded from tlie central hole, which is not the case. 

In making some expeiiments on the indistinctness of visaoa 
at a distance from the axis of the eye, I was led to observe a 
very remarkable peculiarity of oblique vision. If we ^ut one 
eye, and direct the other to any 6xed point, such as the head 
of a pin, we shall see indistinctly all other objects within the 
sphere of vision. Let one of these objects thus seen indis- 
tinctly be a strip of white paper, or a pen lying upon a green 
cloth. Then, alter a short time, the strip of paper, or the pen, 
will disappear altogether, as if it were entirelyremoved, the 
. impression of the green cloth upon the surrounding parts of 
the eye extending itself over the part of the retina which the 
image of the pen occupied. . In a short time the vanished 
image will reappear, and again vani^ When both eyes are 
open^ the very same effect takes place, but not so readily as 
' with one eye. If the object seen indistinctly is a black stripe 
on a white ground, it will vanish in a similar manner. When 
the object seen obliquely is luminous, such as a candle, it will 
niever vanish entirely, unless its light is much weakened by 
bein^ placed at a g^reat distance, but it swells and contracts, 
and IS encircled with a nebulous halo; so that the luminous 
impressions must extend themselves to adjacent parts of the 
retina which are not ihfluenced by the light itself. 

!£, when two candles are placed at Uie distance of about 
ei^htorten feet from the eye, and about a foot from each 
other, we, view the one directly and the other indirectly, the 
indirect image will swell, as we have already mentioned, and 
will be surrounded with a bright rine of yellow light, while 
the bright light within the ring will have a pale blue color. 
If the candles are viewed through a prism, the red and* green 
light of the indirect image will vanish, and there will te left 
only a large mass of yellow terminated with a portion of blue 
light In making this experiment, and looking steadily and 
directly at one of the prismatic images of the candles, I was 
surprised to find that the red and green rays began lo dis- 
appear, leaving only yellow and a small portion of blue; and' 
when the eye was kept immovably fixed on the same point of 
the image, itieyeUow light became almost pure white, so that 
the prismatic image was convested into an elongated image 
of white light 

If the strip of white paper which is seen indirectly with 
both eyes is placed so near the eye as to be seen double, the 
rays which proceed from it no longer ftll upon corresponding 
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points of the retina, 4nd the two ima^ do not itaii^ instaiK 
taneously. But when the one begins to disappear, the other 
begins soon after it, so that they sometimes appear to be ex- 
tinguished at the same time. 

From these results it Appears that Clique or indirect visicm 
is inferior to direct vision, not only in distinctness, biit from 
its inability to preserve a sustained vision of objects; but 
though thus defi^tive, it possesses a superiority over direct 
visibn in giving us taoore perfect vision of minute objects, such 
as 'small stars, which cannot be seen by direct vision. This 
curious fhct has been noticed by Mr. Herschel and Sir James 
South, and some of the French astronomers. **A rather sin- 
gular method,'* say Messrs. Herschel and South, **<^ obtaining 
a view, and even a rough measure, of the angles of stars of 
the last degree of fiuntness, has often been resorted to, vis. <li 
dtr^t t^ e^ to anoihet p«H of <^e fiM, In this way* a 
fiiint star, in the neighborhood of a large onOf will often be* 
come very conspicuous ; so as to bear a centain illamN^'^i^'tty 
which will yet totally disappear, as- if suddenly blotted oal^ 
when the eye is turned fbll upon it, and* so on, appearing and 
disappearing alternately as often as yon please. The latetid 
portions dT the retina, less Migued by strong lights, and less 
ojdiausted by perpetual attention, are probably more sensible 
to faint impressions than the central ones; which 'may serve 
to accomit for this phenomenon.** 

The fellowing explanation of tiiis curious phenomenal 
seems to me more satis&etory : — A luminmu pomJt seen \^ 
direct vUwHy or a sharp line of light viewed steadily ^ a 
considerable time, throws the retina into a state of agitation 
highly unfavorable to distinct vision. If we look through the 
teeth of a fine comb held close to the eye, or even through a 
Bingle aperture of the same narrowness, at a sheet of illumi- 
nated white paper, or even at the dcy, the paper or the i^ 
will appear to be covered with an infinite number of broken 
serpentine lines, parallel to the aperture, and in constant mo" 
tion ; and as the aperture is turnip round, these parall^ undu- 
lation? will also turn round. These bkck and white lines are 
obvioiiftly undulations on the ndtina, which is sensiUe to the 
impressions of light in one phase of the uhduktton, and insen- 
sible to it in anoSier phase. An analogous efiect is produced 
by looking stedfhstly, and for a cokisiderable time, on the par- 
allel lines which represent the sea in certain maps. These 
lines will break into portions of serpentine lines, and all the 
prismatic tints will be seen inclnded between the broken cur- 
vilinear portiona A sharp point or 'Une of light is therefore 
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nnaUe to kmp up a coatiiuied vieioB of itself apon tbe retina 
when seen directly. '' 

Now, in the case of indirect vision, we have already seen 
that a luminous object does not vanish, but is seen indistinctly, 
and produces an enlaigod image on the retina, beside that 
which is produced by (lie defect of ciofnvergency in the pencils. 
Hence, a star seen indirectly, will af^t a larger portion of 
the retina from these two causes, and, losing its sharpness, 
will be more distinct It is a curious circumstance, too, that 
in the experiment with the two candles mentioned above,^ the 
candles seen indirectly frequently appear more intensely 
bright than the candle seen directly. 

/ (171). 5. On the insermbUity of the eye to direct impres-' 
nons ff faint light, — The insensibility of the retina to indi- 
rect impressions of objects ordinarily illuminated, has t sin- 
gular counterpart in its insensibility to the direct impression 
of very &int light If we fix the eye steadily on objects in a 
dark room that are illuminated with the fiuntest gleam of 
light, it will be soon thrown into a state of painful agitation ; 
the objects will appear and disappear according as the retina 
has recovered or lost its sensibility. 

These affections are no doubt the source of many optical 
deceptions which have been ascribed to a supernatural origin. 
In a dark night, when objects are feebly illuminated, their 
disappearance and reappearance must seem very extraordinarv 
to a person whose fear oi curiosity calls forth all his powers of 
observation. This defect of the eye must have been ofteor 
noticed by the sportsman in attempting to mark, up(m the mo- 
notonous heaths, the particular spots where moor-game had 
alighted. Availing himself of the slightest difference of tint 
in the adjacent heaths, he endeavors to keep his eye steadily 
upon it as he advances; but whenever the contrast of illumi- 
naticxi is feeble, he almost always loses sight of his mark, or 
if the retina does take it up a second time, it is only to lose it 
again.* . ^ 

(172.) 6. On the duration of impressions of light on the 
retina, — ^Every person must have observed that the efiect of 
light upon the eye continues for some time. During the 
twinkling of the eye, or the rapid closing of the eyelids for 
the purpose of diffusing the lubricatiug fluid over the cornea, 
we never lose sight of the objects we are viewing. In like 
manner, when we whirl a burning stick with a rapid motion, 
its burning extremity will produce a com|dete circle of light^ 

* See Uie Edinburgh Journal qf Science, No. VI. p. S88. 
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ttl^ugll ftat extreiu|^ c&n only be in one part%f the circle 
at the same instant ' 

The most instnictiye experiment, however, on this subject, 
and one which it requires a good deal of practice te make 
well, is to look far a short time at the window at the end of a 
long apartment, and then quickly direct the eye to the dark 
waO. In general, the ordinary observer will see a picture of 
Che window, in which the dark bars are white and the white 
panes dark; but the practised observer, who makes the obserV'^ 
ation with great promptness, will see an accurate representa- 
tion of the window with dark bars and bright panes; but this 
representation is instantly succeeded bv 3ie complementaxy 
tocture, in which the bars are bright and the panes dark. M. 
D'Arcy found timt the light (^ a live coal, moving at the dis- 
tance of 165 feet, maintained its impfeission on the retina 
dtaring the seventh part of a second.* 

(V^) 7. On the cau^e of single vision wi^ two eyes.-^ 
Although an image of every visible object is formed on the 
retina of each eye, yet when the two eyes are capable of di- 
recting their axes to any given object, it always appears single. 
There is no doubt that, in one sense, we really see two obj^ta^ 
but these objects appear as one, in consequence of the one oo- 
cupving exactly the same place as the other. 8ingle vision 
with two eyes," or with any number of eyes, if we had them, 
is the necessary consequence of the law of visible direction. 
By the actidn of the external rausdks of the eyeballs, the 
axes of each eye can be dir^ted to any point of space at* a 
greater distance than 4 or 6 inches. If we look, for example, 
at an aperture in a windownshutter, we know that an image 
of it is formed in^ each eye; but, as the line of visible ^direc- 
tion from any point in the one image meets the line of visible 
dh'ection from the same point in the other image, each point 
will be seen as one point, and, consequently, l£e whole aper- 
ture seen by one eye will cdmcide with or cover the whole 
aperture seen by the other. If the axes of both eyes are, di- 
rected to a point beyond the window, or to a point within the 
mom, the aperture will then appear double, because the lines 
of visible direction from the same points in each image do not 
meet at the aperture. If the muscles of either of the eyes is 
unable to dir^t the two axes of the eyes to tbe same point, 
the object will in that case also appear double. This inabiliQr 
of one eye to follow the motions of the otiier is frequently the 
cause of squinting, as tbe eye which is, as it were, left behind 
necessarily looks m a different direction from the other. The 
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• For a fkrUier jlIastratioQ, see Note YIII. of Am. ed. 
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flune efl%et is aftoi prodaoed fay the imperfect vision of one 
em in consequence of which the ffood eye only is used. 
Hence the imperfect eye will gradually lose the power of fol- 
lowing the motions of the other, and will there&re look in a 
difierent direetion. l^ie diseaae of squinting may be often 
easily cured. 

(174) S. On the aooommodeUion of the eye td different 
distaruxs, — ^When the eve sees objects distinctly at a great 
(iistance, it is unaUe, without some change, to see objects dis- 
tinctly at any less distance. This will be readily seen by 
looking between the &igers at a distant object When tiue 
distant object is seen distinctly, the fingers will be seen indis- 
tinctly ; and, if we look at the fingers so as to see them di^ 
tinctly, the distant object will be quite indistinct The most 
distinguished phiksoohers have maintained different opinions 
respecting the method by which the eye adjusts itself tQ di^ 
ferent distances. Some have ascribed it to the mere enlai^ie- 
ment and diminution of the pupil; some to the elongation of 
the eye, by which the retina is removed from the crystalline 
lens ; some to the motion of the crystalline lens ; and otfaes 
to a change in the convexity of the lens, on the supposition 
that it consists of muscular fibres. I have ascertained, by 
direct experiment, that a variation in the aperture of the pupil, 
produced artificially, is incapable of producing adjustment, 
and as an^elongation of the eye would alter ti^ curvature of 
the retina, and consequently the centre of visible direction, 
and produce a change of place in the image, we consider this 
hypothesis as quite untenable. 

in order to discover the cause of the adjustment, I made a 
series of experiments, from which the following infisrences may 
be drawn : — 

1st, The contraction of the pupil, which necessarily takes 
place when the eye is adjusted to near objects, does not pro- 
duce distinct vision by the diminution of the aperture, but by 
some other action which necessarily accompanies it 

2dly, That the eye adjusts itself to near objects by two 
actions ; one of which i& voluntary^ depending wholly on the 
will, and the other tnvoiun^ary, dependmg on the stimulus of 
light fiilling on tlie retina. 

ddly, T^t when the voluntary power of adjustment &ils^ 
the adjustment may still be effected by the invduntary stimu- 
lus of light 

Reasoning from these inferences, and other results of ex* 
periment, it seems difficult to avoid the conclusion that the 
power of adjustment depends on the mechanism which con- 
tracts and dilates the pupil; aad as t^ adjustment is inde- 
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pendent of the viriatipn of its aperture, it must be eflSeeted by 
the parts ia immediate contact with the base of the iris. By 
Gonffldering the various ways in which the mechanism at the 
base of the iris may produce the adjustment, it appears to be 
ahnost certain tha^ the lens is removed &Qpi the retina by the 
oontraction of the pupil* 

(175.) 9. On the caute qfkmjrsighudneu and ^hfirUighl' 
edness, — Between the a^ of 9) and 50, the eyes of most 
persqns b^gin to expenence a r^markable change^ which 
generally shows itself in a difficulty of reading, small type or 
3l-printed bopks, particularly byjcvidlelight This defect of 
sight, which is called Umfisiffhtednefs, because objects are 
fteen best at a distance, arises from a change in the state of 
the crystalline lens, by which its density and refiractive power, 
as well as its form, are altered. It frequently begins at the 
margin of the lens, and takes several months to go round it, 
and it is often accompanied with a partial separaticm of the 
laminie and even of the fibres of the lens. **If the human 
eye,** as I h&ve elsewhere remarked, ** is not mana^ged with 
peculiar xsare at this period, the change in the condition of the 
lens often runs info cataract, or terminates in a derangement 
,of fibres, which, though not indicated by white opacitT, occa- 
sions imperfections df virion that are often mistaken fixr 
amaurosis and other diseases. , A skilfiil oculist, who thoroughly 
undetatands the structure of the eye, and all its optical ranc- 
tions, would have no difficulty, by means of nice experiments, 
in detecting the venr portion of the lens wheie tins ehange 
has taken place ; in determining the nature and magnitude of 
ihe change -which is going on; in applying the proper reme- 
dies iS>r stopping its progress; and in ascertaining whether it 
has advanced to such a state that aid can be obtained firom 
convex or concave lenses. In such cases^ lenses are often re- 
sorted to before the cxystalline lens has suffered a uniferm 
change of figure or of density, and the use of them cannot 
&il u> agffravate the very evils which they are intended to 
remedy. In diseases of the lens, where the aeparation of 
fibres IS confined to small spots, and is yet of such magnitude 
as to give separate colored images of a luminous object, or 
irregular halos of light, it is often necessary to limit the apep> 
lure of the spectacles, so as to allow the vision to be performed 
by the good part of .the crjrstalline len&" 

This defeat of the eye, wtien it is not juscompanied with 
disease, may be completely remedied by a convex lens, which 

• For a fuller aeeount of tliew ezperimaAU^ we ZHniurgh Jmtnmi tf 
ScUhu, No. I. p. 77. 
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makes np for the flatneaB and dimmisiied Tefnctiye power of 
the crystalline, and omUes the eye to converge the pencils 
flowing from near objects to distinct foci on the retina. 

SiortsightednesB mows itself in an inahilily to see at a dis- 
tance ; aiKi those who eacperience this defect brin^ minute ob- 
jects very near the eye in order to see them distmctly. The 
rays from remote objects are in this case converged to foci be- 
fore they reach the retina, and therefin^e the picture on the 
retina is indistinct This imperfection often appears in early 
life, and arises from an increase of density in the central parts 
of the crystalline Jena By nsing a snitable concave lens the 
convergency of the rays is delayed, so that a distinct image 
can be formed on the retina. 



CHAP. XXXVL 

OR AOGDKNTAL C0L0R8 AND OOUmXD BHABOWfl. 

(176.) When the eye has been strongly impressed with 
any particular species of colored light, and when in this state 
it looks at a sheet of white paper, the paper does not appear 
to it white, or of the color with which the eye was impressed, 
but of a different color, which is 8ai4 to be the act^denJUd eoht 
of the color with which the eye was in^ressed. If we i^aoe, 
for example, a bright red wcfer upon a riieet of white paper, 
and fix the eye stndily upon a mark in the centre of it, then 
if we turn the eye upon the white paper we shall see a cir- 
cular spot of hkeuik green light, of the same sixe as the wafer. 
This color, which is called the accidental color of rei, will 
gradually fede away. The hhtisk green image of the wafer is 
called an ocular spectrum^ because it is impressed on the eye, 
and may be carried about with it for a short time. 

If we make the preceding experiment with differently col- 
ored wafers, we shall obtain octdar spectra whose colors vary 
with the color of the wafer employed, as in the following taUe. 

Odor of tiM Wate ' Aeeldwital Oolnr, « Cotot of 



Red. Bluish green. 
Orange. / Blue. 

Yellow. Indigo. 

Grsen. ReddMh viotet 

Blue. Orange red. 

Indigo. Orange yeUow. 

Violet Yellow green 

Black. ^White 

Whiit Bbek 
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In order to find the accidental color of any cblor in the spec- 
trum, take half the length of the spectrum in a pair of com* 
passes, and setting one root in the color whose accidental color 
18 required, the other will fall upon the accidental color. 
H^ce the law of accidental colors derived from ohservation 
may be thus stated : — ^The accidental color of any color in a 
prismatic spectrum, is that color which in the same spectrum 
IS distant from the first color half the length of the spectrum ; 
or, if we arrange aU the colors of any prismatic spectrum in 
a circle, in then* due proportions, the accidental color of any 
piuticular color will be the color exactly opposite that par- 
ticfuiar color. Hence the two colors have been called opposiU 
cdors. , 

If the primitive color, or that which impresses the eye, is 
reduced to the same degree of intensity as the accidental 
color, we shdl find that the one is the complement of the 
other, or what the other wants to make it white light ; that 
is, the primitive and the accidental colors will, when reduc^ 
to the same degree of intensity which they have in the spec** 
tmm, and when mixed together, make white light On this 
account accidental colors have been called complementary 
colors. 

With the aid of these facts, the theory of accidental colors 
will be readily understood. When the e^e has been for some 
time fixed on the red wafer, the part of the retina oecupied 
by the red image is strongly excited, or, as it were, deadened 
bv its continue action. The sensibility to red tight will 
therefore be diminished ; and; consequently, when the eye is 
turned fiom the red wafer to the white paper, the deadened 
portion of ,the retina will be insensible to the red rays which 
form part of the white light from the paper, and consequently 
will see the paper of that color which arises firom all the rays 
in the white light of the paper but the red ; that is, of a Iduiah 
green color, which is therefore the true complementaiy color 
of the red. When a Mack wafer is placed on a 'white 
pound, the circular portion of the retina, on which the black 
miage fiills, in place of being deadened, is refreshed, as it 
were, by the absence of light, while all the surrounding parts 
of the retin^ being excit^ by the white light of the paper, 
will. be deadened hy its continued action. Hence, when the 
. eye is directed to the white paper, it will see a white* circle 
corresponding to the black image on the retina ; so that the 
accidental cdor of black is white. For the same reason, if a^ 
white wafer is pkced'on a black ground, and viewiad sted&stly 
for some time, thd e^^e will afterwards see a Mack circuliur 
gpice ; so that the accidental color of white is black. 



Soeh are Hie ^ixsaotaexm, e# aeeidiiAtal colcM when ivetk 
ll^t is employed ; but when the ef e i» impressed powerfbUy 
with a bright white light, the phenomena have qnite a chfi^rent 
character. The first person who made thie experimettt witk 
any care was Sir Isaac Newton, Who sent an aecocmt of the 
lesdts to Mr. Locke, bat they were not pobliahed till ISSQ.* 
Max^ years before 1601, S^ Isaae^ having shut hia left eye» 
directed the right one to the image of the sod leflecfed firott 
s loirfdng^lasB. In ord^ to see the impPesakiil which was 
made, he tnmed his eye to a dark comer of his reom, when 
he observed a bright spot made 1^ the son, ^Hdrded by rilig9 
ofcolorB. Tiys •« phantom ofl^t and cokMi,'* as he calk it^ 
gradually vanished ; but whenever he thought of it, it retun^ 
ed, tod became as lively and Vivid as at fint He tacUy re- 
peated the expeiinient three times, and hia eye was impretted 
to such a degree, <* that whenever I k)oked npcm the doods^ 
or a book, or a bright object, I saw upos it a fottnd blight 
spot of light like the sun; and, whieh is e^ stranger^ thei^ 
I looked uikm the ciun with My right eye ondy, and net with 
my leA, yet my ihncy beg«n to make an itnpi^eiBiOft on my left 
eye as well as upon my ri^t; fix? if I tiferut iflty r%ht Wb, or 
looked upon a book or the clouds with my left eye, I couid W69 
tiie spectrum of the sdn altmdfitt as plain as witii my n^hteye." 
The ^fect of this eftperim^t was soch, that dilr Isaac dusr 
neith^ wdte nor i^eadf but was obliged to sbM himMlf eatn^ 
pleieely up in a dark chamber ft(r three daya tsgether, a&d by 
.keeping m the dark, and enifi^ing hid mind aboot dither 
thii^, he bc^an, in ahtMit thuec or four ^y% to teoi^ver thtf 
use of his eyes. In these experiments^ Sir ittic^fi attefllioil 
Iras HiGt^ takeh up with the metaphysical thin with the if^ 
tical IfesuKs of thern, so that he has not dewribi^ eltiMr the 
colors which he saw, or the diai^|«» Which they nnderwmt 

ExperimCTts c^ a sunilar kind were made by M< iBpinua* 
When fhe sun wdA near the horizon, he fixed his ^e steadily 
txk the tolar disc fiir 15 seconds. lJ|Km idnitting htt eye lie 
saw an irregular pale tniphwr ydhw image of the sun, eneip* 
ded with a fidnt red border. As soon as he opened his eye 
npi^ a tvhite jgiymnd, the image of the son was a bnwnM 
fedi ahd its auiKoyiidiiig border sky Uue. With hiii eye agahi 
shut, the image of the sun became green with a red boraer, 
diflferent fhxn the last Turning his eye again updn a white 
ground, the ^m*s image was mcnre red, and its border a brighter 
sky blue. When the eye was shut, the green iqpectrum be>^ 
came a greenish sky blue, and then a ^e slqr l^i^ with the 



■fi 



* In Lord King's Life of LodEe. 



-^Jf.- ^-—-yi^ 



OKAP. XXXTt. IXmtMIOBB OK TBS BBTINA. « 957 

border growing a fin^r red ; and when the eye was open, the 
Bpectnim became a finer red, and its border a finer blue. M. 
JSpinus noticed, that when his eye was fixed upon the white 
ground, the image of the sun frequently disappeared, returned, 
and disappeared again. 

About the year 1806, 1 was led to repeat the preceding ex« 
periments of ^pinus; but, instead of loddng at the sun 
when ci a dingy color, I took advantage of a fine summer's 
day, when the sun was near the meri£an, and I fi»med upon 
a white ground a brilliant inuige of his disc by the concave 
speculum of a reflectmg telescope. Tying up my right eye^ 
I viewed this luminous disc with my left eye through a tube, 
and when the redna was highly excited, I turned my left eye 
to a white ground, and observed the following, spectra by al- 
ternately opening and shutting it : — 

Spantn Willi left «fe open. ^pactn with left eye ahat 

1. Pink Burronnded with green. Green. 

3. Orange mixed wit^ pink. Blue. 

3. Yellowish brown. Bluifth pink. 
4 YeUow. 

5. Pure ced. Sky Uue 

6. Orange. Indigo. 

Upon uncovering my right eye, and turning it to a white 
ground, I was surprised to observe that it also gave a colored 
spectrum, exactly the reverse of the first spectrum, which 
was pink with a green border. The reverse spectrum was a 
green with a pinkish border. This experiment was repeated 
uree times, and always with the same result ; so that it would 
appear that the impression of the solar image was conveyed 
by the optic nerve from the left to the right eye. Sir Isaac 
Newton supposed that it was his fancy that transferred the 
ima£;e from his left to his right eye ; but we are disposed to 
think that in his experiment no transference took place, be- 
cause the spectrum which he saw with both eyes was the 
same,, whereas in my experiment it was the reverse one. We 
cannot however speak decidedly on thiB point, as Sir Isaac 
did not observe that the spectra with the eye shut were the 
reverse of those seen with the ^eye open. If a spectrum is 
strongly formed on one eye, it is a very difiicult matter to de- 
termine on which eye it is formed, and it would be unpossible 
to do this if tlie spectrum was the same when the eye wum 
open and shut ^ 

The phenomena of accidental colors are often finely seen 
when the eye has not been strongly impressed with anv par- 
ticular colored object It was long ago observed by M. Meua- 
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nier, tint iN^en the son abooe Hirongli a hole a quarter of ait 
inch in diameter in a red cartain, the image of the luminoiiB 
spot was green* In like manner, every poBon most have ob- 
served in a brightly painted room, illuminated by the sun, that 
the parts of any white object on which the colored light does 
not fidl, exhibit the complementary colors. In-order to see 
this cbiis of phenomena, I have foaad the following method 
the simplest and the best Having lighted two candles, hold 
before one of them a piece of ookored ghiss, suppose bright red, 
and remove the other candle ta such a distance that the two 
shadows of any body formed upon a piece of white paper may 
he equally dark, in this case cme of the shadows will be red, 
and the other green. With blue glass, one 0f them will be 
^ue, and the other ttrange yeUow ; the one being mvariah]|r 
the accidental color of the other. The very same ei^t may 
be produced in daylight by two holes in a window-shutter ; the 
one being covered with a colored glass, and the other trans- 
mitting the white light of the sky. Accidental ccAon may 
also be seen by looking at the image of a candle, or any white 
object seen by reflexion from a plate or sur&ce of colored 
glass sufficiently thin to throw back its color from ' the second 
surface. In ths case the reflected image will alw^s have 
the complementary color of the glass. The same ef^ct may 
be seen in looking at the image m a candle reflected ftcm the 
water in a blue finger-glass ; the image of the candle is yel- 
lowish : but the effect is not so decided in this case, as the 
retina is not sufficiently impressed with the blue light of the 
glass. 

These phenomena are obviously diflTerent from those which 
are produced by colored Mrafers; because in the present case 
the accidental cdor is seen by a portion of the retina which 
is not afiected, or deadened as it were, by the primitive color. 
A new theory of accidental colors is uierefore requisite, to 
embrace this class of &cts. 

As m acoustics, where every fundamental sound is actually 
accompanied with its harmonic sound, so in the impressions of 
light, the sensation of one color is accompanied by a weaker 
sensation of its accidental or harmonic Color.* When we look 
at the red wafer, we are at the same time, witii the same por- 
tion of the retina, seeing green ; but being much fitirler, it 
seems only to dilute the red, and make it, as it were, whiter, 
Vy the combination of the two sensation& When the eye 
looks from the wafer to the white paper, the permanent sen- 

* The term ha'nmonie bas been applied to accidental colors ; becaase th« 
primitive und itt aecideatal color barfinonin with «acb o^ber to paintiiif . 



flation of tiie accidental color remaina, and we see a grein 
image. The duraticm-of the primitive impreesion ia only a 
fraction of a< second, as we have already nhown ; but the dura-, 
tion oi the hannc^c impression oontinnes fi)r a time piopoF- 
tional to the strength or the impression. In order to apply 
these views to the seccmd class of fiicts, we most have re- 
course to another princiide ; namely, that when the whole or 
a mat part of the retina has the sensation of any primitive 
color, a portion of the retina protected from the impresdon of 
the edcnr is actually thrown into that state which gives the 
accidental or harmonic color. By the vibrations probably 
communicated from the surrounding portions, the influence of 
the direct or primitive color is not propagated to parts free 
ttom its action, excepting m the parlacubir «ase of oblique 
visicm formerly mentioned. When the ejne, therefine,. looks 
at the white spot of solar light seen in the middle of the red 
light of the curtain, the wMe of the retina, except the por« 
tion occupied by the image of the white spot, is in the state 
of seeing every thing green; and a» the vibrations which 
constitute this state spread over the portipns of the retina 
upon which no red light falls, it will, of course, see the white 
circular spot green. 

(177.) A very remarkable phenomenon of accidental colorSf 
in which the eye is not excited by any primitive color, ww? 
observed by Mr. Smith, surgeon in Fochabers. If we hold a 
narrow stnp of white paper vertically, about a foot from tJie 
eye, and fix both eyes upon an object at some distance beyond 
it, then if we allow the light of the sun, or the light of a can- 
dle, to act strongly upon the right eye, without affecting the 
left, which may be easily protected from its influence, the left 
hand strip of paper will be seen of a bright green color, and 
the ri^ht hand strip of a red color. If the strip of paper is 
sufficiently broad to make the two images overlap each otheri 
the overlapping parts will be perfectly white, and free from 
color ; which proves that the red and green are complementary. 
When equally luminous candles are held near each eye, the 
two strips of paper will be white. If when the candle is held 
near the right eye, and the strips of paper are seen red and 
green, then on bringing the candle suddenly to the left eye, 
the left hand image of the paper will gradually change to 
green, and the right hand image to red, 

(178.) A singular affection of the retina, in reference to 
colors, is shown in ^ the inability of some eyes todistin^ui^ 
certain colors of the spectrum. The persons who expenence 
this defect have their eyes generally ip a sound state, and are 
capd)}e of performing all the moat delicate functions of vision. 
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Mr. Harris, a ehoemaker at AlloDby, was unable from his in- 
iancy to disdnguish the cherries of « cherry-tree from its 
leases, iiTso far as color was conceraid. Two of his brothers 
were equally defective in this respect, and always mistook 
<irange for grass greeny and light green for felkno, Harris 
himself could only distinguish blacK and white. Mr. Scott, 
who describes his own case in the Philosophical Transactiixis^ 
mistook ^fiA; hr a pale blucy and a full red for a fall green. 

All kmds of yellows and blues, except sky blue, he could 
discern with great nicety. His father, his maternal unde, 
one of his sisters, and her two sons, had all the same defect 

A tailor at Plymouth, Whose case is described by Mr. 
Harvey, regarded the solar spectrum as consisting only of yel- 
low and light Uue; and he could distinguish with certamty 
only yeUowy whit^ and green. He regarded indigo and I^s- 
sian blu^* as black. 

Mr. R. Tucker describes the colors of the spectrum as fol- 
lows :— 



Blue sometimes Pink. 
Indigo - - . Purple. 
Violet ... Purple. 



Red mistaken for Brown. 

Orange .... Green. 

YeUow sometimes Orange. 

Green . - - .^ Orange. 

A gentleman in the prime of life, whose case I had occasion 
to examine, saw only two colors in the spectrum, viz. yellow 
nndrblue. When the middle of the red space was absorbed 
by a blue glass, he saw the black space, with what he called 
the yellow, on each side of it This defect in the perception 
of color was experienced by the late Mr. Dugald Stewart, 
who could not perceive any. difierence in the Color of the scar- 
let &uit of the Siberian crab and that of its leavea Mr. 
Dalton is unable to distinguish blue from pink by daylight, and 
in the solar spectrum the red is scarcely visible, the rest of it 
uppeariog to consist of two colors. Mr. Troughton has the 
same defoct, and is capable of fully appreciating only blute and 
yellow colors ; and when he names colors, the names of blue 
and yellow correspond to the more and less refrangible rays, 
all those which belong to the former exciting the sensation of 
blueness, and those which belong to the latter the sensation of 
'yellowness. 

In almost all these cases, the different prismatic colors have 
the power of exciting the sensation of light, and giving a dis- 
tinct vision of objects, excepting in the case of Mr. Dalton, 
who is said to be scarcely able to see the red extremity of the 
spectrum. 

Mr. Dalton has endeavored to explain this peculiarity of 



cBAP.xxxvn. rLAxuAtrfcvmvMDwnaumBB > S61 

visioii by snpposmg that lil his own case the vitreous faainor is 
hiue, and, tnerefore, absorbs a great portion Gf the red rays 
and other least refinngibk rays ; bat uiis opinion is» we think, 
not well feunded. Mr. Herschel attributes this state of vision 
to a defect in the sensorium, by which it is rendered incapable 
of appreciating ezactiy those differences between rays on 
whicn their color depends."^ 



PART IV. 



ON OPTICAL INSTRfJMiaiTS. 

All the optical instruments now in use bave, with the ex- 
ception of the burning mirrors of Archimedes, been invented 
by modem philosophers and opticians. The principles opoa 
which most of them have been constructed have dready beeif 
explained, in the preceding chapters, and we shall therefore 
confine ourselves, as much as possible, to a general account of 
their construction and properties. 

CHAP. XXXVIL 

ON FLAMB AlID CURVED XHUIOIM. 

(179.) Cm of the simplest optical inetruments is the nngle 
plane mirror, or looking-glass, which consists of a plate of 

flass with parallel surfiices, one of which is covered with tin- 
»il and quicksilver. The glass performs no other part in thb 
kind of ^ane mirror than t£it of holding and giving a polished 
surface to the thin bright film (^ metal which is extended over 
it If the surfaces of the plate of glass are not parallel, we 
shall see two, three, and four images of all luminous objects 
Been obliouely ; but even when the sur&ces are parallel, two 
images of an object are formed, one reflected from the first 
surmce of glass, and the other from the posterior surface of 
metal ; and the distance of these images will increase with 
the tluckness of the glass. The image reflected <lTom the 
, glass is, however, very fiiint compared with the other ; so that 
' for ordinary purposes a plane glass mirror is sufficiently ao- 
curate ; but when a plane mirror forms a part of an optical 

* For the ttleory recentiv advaooed Iqr Sir David Brewster to expleia 
tbeeeoaaee, eee Note IX. of Am. ed. 
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*' instniment where acclmicy of vision is required, it must be 
made of steel, or silver, or of a mixture of copper and tin ; , 
and in this case it is called a speculum. The formation of 
images by mirrors and specula has beien fully described in 
Chap.IL 

Kaleidoscope, 

(180.) When two plane mirrors are combined in a particu- 
liLT manner, and placed in a particular position relative to an 
object, or series of objects, and the eye, they constitute the 
kakidoseope, or instrument for creating and exhibiting 
beautiful forms. If A C, B C, for example, be sections of two 
plane mirrors, and M N an object placed between them or in 
'j!^^.i43. front of each, the mirror A C will form 

jL^^^r-'-.^.^n ^hind it an imajg^e m n of the objecit M N, 
^ /^ ^j^X ^ ^^ manner shown in fig. 16. In like 
ii^^^^Ss' \ "^*°'^®'» *^® mirror B C will form an 
/ »i \/^^S^ hnage M' N' behind it But, as we have 
l"-^"*']g^'""*^7W formerly ^own, these images may be con- 
\ J * jt» J sidered as new objects,- and therefore the 
\- ^^ ^^^\ / mirror A C will fortn behind it an image, 

^5L_— -^ M" N", of the object or ima^ M' N', and 
B C will form behind it an image, m' n\ of the object or ima^e 
mn. In like manner it will be found that m"n''* will be the 
image of the object or image M" N", formed by B C, and of 
the object or image m' n', formed by A C. Hence »i" n" will 
actually consist of two images overlapping each other and 
finrming one, provided the angle A C B is exactly 60°, or the 
sixth part of a circumference of 360°. In this case all the 
six images (two of the six; forming only one, m" n'',) will, 
along with the ori^al object, M N, form a perfect equilateral 
triangle. The object, M N, is drawn perpendicular to the 
mirror B C, in consequence of which M N and M' N' form 
one straight line ; but if M N is moved, all the images will 
move, and the .figure of all the images combined will ior^' 
another figure of perfect re^arity, and exhibiting the most 
beautiful variations, all of which may be drawn by the methods 
already described. In reference to the multiplication and ar- 
rangement of the images, this is the principle of the kaleido- 
scope ; but the principle of symmetry, which is essential to the 
instrument, depends on the position of the object and the eye. 
This principle will be understood ftomfi^, l^*., where ACE 
and B C E represent the two mirrors mclined at an angle 
A C B, £nd bavin? C E for their line of junction, or common 
intersection. If me object is placed at a distance, as at M N, 
then there is no position of the eye at or above E wluch will 
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give a symmetrical arrangement of the six images Acfwn in 
. fig. 143. ; for the corresponding parts 6^ the one will nevier 

3JL 




join the corresponding parts of the other. As the object is 
brought nearer and nearer, the ^mmetry increases^ and is 
most complete* when the object M N is quitexlose to A B C, 
the ends of the reflectors. But even here it will not be per- 
fect, unless the eye is placed as near as possible to £, the line 
of junction of the reflectors. The following, therefore, are the 
three conditions of symmetry in the kaleidoscope : — 

1. That the reflectors should be placed at an angle whidi 
is an even or an odd aliquot part of a circle, when the object 
is regular and similarly situated with respect to both the mir- 
rors; or an even aliquot part of a circle, when the object is 
irregular. 

2. That out of an infinite number of positions for the object 
both within and without the reflectors^ there is only one posi- 
tion where perfect symmetry can be obtained, namely, by 

g lacing the dbj&ct in contact with the ends of the reflectors, or 
etween them. 

3. That out of an infinite number of positions for the situa- 
turn of the eye^ there is only one'where the symmetry is per- 
fect, namely, as near as possible to the angular point, so that 
the whole of the circular field can be distinctly seen ; and this 
point is the only one at which the uniformity ^ the reflected 
light is greatest 

In order to give variety to the figures formed by the instri^ 
ment, the objects, consisting of pieces of colored glassy twisted 
ffiass of various curvatures, &c., are placed in a narrow cell 
between two circular pieces of ^lass, leaving them just roc\tn 
to move about, while this cell is turned round by the hand.* 
The pictures thus presented to the eye are beyond all descrip- 
tion splendid and beaiitifiil ; an endless variety of symmetrical 
combinations presenting themselves to view, and nev^ again 
recurring witn the same form and color. 

For the purpose of extending the power of the instrument^ 
and introducing into symmetrical pictures external objectSr 
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'Whether animafce or inanimate, I applied a convex lens, L I4 
J^, 144., by means of which an inverted ima^ of a distant 
object, M N, may be fonned at the very extremity of the mir- 
rors, and therefore brought into a position of ffreater sym- 
metry than can be efiected in any other way. In miB construc- 
tion the lens is placed in one tube and the reflectors in an- 
other ; so that by pulling out or pushing in the tube next the 
eye, the images of objects at any distance can be formed at 
the place of symmetry. In this way, flowers, trees, animals, 
pictures, busts, may be introduced into symmetrical combina- 
tions. When the distance £ B is less than that at which the 
eye sees objects distinctly, it is necessary to place a convex 
lens at £, to give distinct vision of the objects in the picture. 
See my Treatise on the Kaleidotcope, 

Piane hnming Mirrors 

(181.) A combination of plane burning minora forms a pow- 
erful burning instrument; and it is highly probable that it was 
with such a combination that Archimedes destroyed the ships 
of Marcellua Athanasius Kircher, who first proved the effi- 
cacy of a union of plane murrors, went with bis pupil Scheiner 
to Syracuse, to examine the position of the hostile fleet ; and 
they were both satisfied that the ships of Marcellus could not 
have been more than thirty paces distant from Archimedea 

Bufbn constructed a burning apsaratus upon tbi^ principle, 
which miy be easily explained! Ii we reflect the light of the 
sun upon one cheek by a small piece of plane looking-glass, 
we shall experience a sensation or heat less than if the oirect 
light of the sun fell upon it If with the other hand we re- 
flect the sun's light upon the same cheek with another piece 
of mirror, the warmth will be increased, and so on, till with 
five or six pieces we can no loiter endure the heat Bu£S)n 
combined 168 pieces of mirror, o inches by 8, so that he could, 
by a little mechanism connected with each, cause them to 
reflect the light of the sun upon one spot Those pieces of. 
glass were selected which gave the smallest image df the sun 
at 250 feet 

The following were the efiects produced by different num- 
bers of these muiors : — 



iro.ar DMnnor 

mmna. 0«i«et. 



12 20 fbet Small combustibles inflamed. 

21 20 Beech plank burned. 

40 66 Tarred beech plank inflamed. 

45 20 Pewter flask 61b. weight meit9L 

96 126 Tarred and solphurodphnk set on Are. 
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Vo.ar 
Minvn. 


DMnoa 
OtwecL 


112 


138 


117 


20 


128 


150 


148 


150 


154 


150 


154 


250 


224 


40 



Plank covered wkh wool set on fire» 
Some thin pieces of silver melted. 
Tarred fir plank set on fixe. 
Beech plank sulphured inflamed violratly. 
Tarred plank smoked vii^ently. 

{Chips of fir deal sulphunjd and mijE^ witb 
chareoal set on fire. 
Plates of silver melted. 

As it ifi difficult to adjust the mirrors while the sun chiinge» 
his place, M. Peyrard proposes to produce great efiects by 
ipoonting each mirror in a separate frames earrying a tele* 
scope, by means of which one person can diseet the reflected 
ni^s to the object which is to be burned. He conceives that 
with 590 glasses, about 20 inches in diameter, be could reduce 
a fleet to ashes at the distance of i quarter of a league, and 
with glasses of double that liize at the distance of half a 
league. 

Plane glass mirrors have been combined permanently into a 
parabolic form, for the purpose of burning objects placed m 
the focus of the parabola, by the sun's rays; and*the same 
combination has be<^ used, and is still in use, for lighthouse 
reflectors, the light h&ng placed in. the focus d the paiaboia. 

Omv^x and Concave Mirrors, 

(182i) The genera] properties of convex and concave mir- 
rors have hsea already described in Chap. 11. Convex mkro» 
are used principally as household ornaments^ and are charac- 
terized by their property of forming erect and diminished 
images of all objects placed before them, and these images a{K 
pear to be situated b^ind the mirror. 

Concave mirrors are distiiw^Uished by their property of 
forming in firont of them, and m the air, inverted images of 
erect objects, or erect images of inverted obiects, placed at 
some distance beyond their principal focus. If a fine tran»- 
parent cloud of blue smoke » raised, by means of a chafing- 
dish, around the focus of a large concave mirror, the ima^ at 
any highly illuminated object will be depicted, in the middle 
of it, with great batuty. A skull concealed from the observer 
is sometimes used, to surprise the ignorant ; and when a dish 
of fruit has been depicted^ in a similar maimer, a spectator, 
stretching out his hand to ^ze it, is n^et With the image of a 
drawn dagger, which has been quickly substituted for the fruit 
at the other conjugate focus of the mirror 
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CcnciTe mirron have been nsed ■■ lietidioDK reflectory 
and u boniuig instrumenlB. When uaed lo liebtbouaes, they 
are formed of jAaXea of copper plated with silTer, aiid they 
are hammered into a pantbolic ftinn, and Ihat polished with 
the hand. A lamp fhced ia the EJcns of the panUiola will 
iMve iU direivent light tfarowp, after teflexko, into amethii^ 
like ■ panUefbeam, which wiU retain its intena^ at a great 

When concare piirnxB are Dsed Ibr baming, therare geao- 
rail; made sphericaJ, aod regnlarl; gioand utd polidied npon 
a tool, like the apecnla used in teiesccfiea. Tlie mnst cele- 
. brated of these were made hj H. Tillele, of Lyons, who exe- 
cuted five large ones. One cf the beet of them, which con- 
sisted oT copper and tin, was very nearly fixir feet in diameter, 
and iis focal length thir^-ei^t inches. It melted a piece of 
Fompey'a pillar in fif^ Beroods, a silver dxpence m seven 
secaodi and a hali^ a haUpenny in sixteen Beconds, cast-inn 
in nxteen aecoDdt, elate in three seoooda, and thin tile in 6y^ 



Cylmdricat M^Ton 
(183.) AS objects seen by reSexkn in a cyliodiical nuim 
are neceanril; distorted. If an observer looks into such a 
mirror with its axis standing rertically, be will see the image 
of his head of the same length as the original, becaoae the 
■orfice (^ the mirrcH' is a straight line in a vertical directioo. 
The breadth of tbe &ce wiil be greatly ccntracted in a bori- 
■DOtal direction, because the saiAce is very convex in that 
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direction, and in intermediate directions ih^e head will have 
intermediate breadths. If the axis of the mirror is held hori- 
zontally, the &ce will be as broad as life, and exceedingly 
short If a picturp or portrait M N is laid down horizontedly 
before the mirror A B,Jig, 145., the reflected image of it will 
be hiffhly distorted; but the picture may be drawn distorted 
accoraing to reg[ular laws, so that its image shall have the 
most correct proportions. , 

Cylindrical mirrors, which are now very uncommon, used 
to be made for this purpose, and were accompanied with a 
series of distorted' figures, which, when seen by the eye, have 
neither shape nor meaning, but when laid down before a cylin- 
drical mirror, the reflected image of them has the most per- 
fect proportiona This ei^t is shown in 'fig. 145., where 
M N is a distorted figure, whose image in the mirror A B has 
the appearance of a regular portrait 



CHAP, xxxvra. 

ON snioivB AND oom^mcD lkrbks 

Spbctaglbs and reading glasses are among the simplest and 
most usefiil of optical instruments. In order to enable a per- 
son who has imperfect vision to see small objects distinctly, 
when they are not fiur from the eye, such as small manuscript, 
or small type, a convex lens of very short focus must be used 
both by those who are long and short sighted. 

When a shortHsighted person, who cannot see well at a dis- 
tance, wishes to have distinct vision at any particular distance, 
he must use a concave lens, whose focal length will be found 
tJiuSf-rMultiply the distai^ce at which he sees objects most 
distinctly by the distance at which he wishes to see them dis- 
tinctly with a concave lens, and divide this product by the 
difierence of the above distances. 

A long-sighted person, who cannot see near objects distinctly, 
must use a convex lens, whose focal length is found by the 
preceding rulq. 

In choosing spectacles, however, the best way is to select, 
out of a number, those which are found to answer best the 
purposes for which they are particularly intended. 

Dr. WoUaston introduced a new kind of spectacles, called 
periscopic, irom their property of giving a wider field of dis- 
tinct vision than the common ones. The lenses qsod for this 
purpose, as shown at H and I, fig. 19., are meniscuses, in 
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wfaidi the eonvesQiy predominatea^ for lon^-sighted peraoiiBi 
«iid concavo-oanvex lenses, m which the concavity pred<«ii- 
nates, for ah<Hrt-8ighted pefsons. Periecopic spectacles de^ 
cidedly give more imperfect vision than common spectacles, 
because they increase both the aberration of figure and of 
colcn*; but thej may be of use in a citoWded oity> in warning 
«s of the obliqae approach of objecta 

Burning tmd Slumirui^ing Lenieg, 

(184.^ Canvex lenses pofisess peculiar advafttt^fos ihr eon 
centratmg the sun's rays^ aiid for oonveyiiig to an imineiiie 
distance aceiidensed and parallel beam of light: M. Bdflbit 
found that a convex lens^ with a long focal length, was preform 
able to one txf a shaft focal length for fuailig nietiUd by the 
concentration of the dUn's riiya. A lens^ for example^ SSi 
inches in diameter and 6 inches in focal length, with the di- 
ameter of its focus 8 lines, melted copper in less than a 
minute ; while a small lens 32 lines in diameter, with a focal 
length of 6 lines, and its focus f of & line, was scarcely capa- 
ble of heating copper. 

The most petfoct boniiBg lens ever ixmstructed was exe- 
cuted by Mr. Parker, of Fleet Street, at an expense of 7(XW. 
It Was ihade 6t dint gliUss, was three feet in diatfieter, and 
^eidied 212 pdunds. It was S^ inches thick at the centre i 
the local distance wds 6 foet 8 inches, and the diameter cf tfad 
Imkge df the dcm m its focus one inch, l^e tays refracted 
br me lens wete teceived on a gi^ond lehs, in Whose focus the 
objects to be fused were placed. This second lens had an ex^ 
^ed diameter of 13 inchC^d ; its central thickness was 1{ of 
an inch ; the lengdi of its foCus was 29 inche& The diameter 
of the focd image wafi | of an inch. Its weight Was 21 
bounds. The Combii!ied focftl lenjfth of the two lenses was 5 
feet 3 inches, and the diameter of the focal imagte ^ to 'inch. 
S|y means of this powerful burning lens, platmtiin, goid, mlver, 
copper, tin, qtuutz, agate, jasper, dint, topa^ garnet, aE^bestos, 
&c. were melted in a few seconds 

Variotis causes have pnevelited philceophers fMn constrirct^ 
ing burning lenses of greater magnitude than that made by' 
Mh Parker. The impossibility of procuring pure dint glass 
tolerably tree from veins and impurities for a large solid lens ; 
the trouble and expense of casting it into a lenticalat form 
without fldws and impurities ; die great bci^ase of central 
thickness which becomes necessary by increa&ing ^e diameter 
of the lens ; the enormous obstiruction that i& tiiud opposed to 
the transmission of the solar rays, imd the increased aber« 
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,;rati<»i which dissipates the rays, at the focaT point, are insuper- 
able obstacles to the construction of solid lenses of any con- 
siderable size. ^ , 

(185.) In order, to improve a solid lens formed of one piece 
of glass, whose section isAm/iBGBA, fiufibn proposed to 
cut out all the glass left white in the figure, viz. the portions 
between m p^J^^ 146., and n o, and between n o and the left 
hand surfiice of D E. A lens thus constructed woufd 
be incomparably superior to the solid one A m|>B£ 
D A ; but such a process we conceive to be imprac- 
ticable on a large scale, from the e^^treme difficulty 
of polishing the sur&ces Am, Bjp, Cn, Fo, and 
IP the left hand surface of D E; and even if it were 
practicable, the greatest imperfections in the glass 
might happen to occur in the j^rts which are lefl. 

In order to remove these imperfections, and to 
construct lenses of any size, I proposed, in 1811, to 
build them up of separate zones or rings, each of 
which rin^ was again to be composed of separate 
segments, as shown m the front view of the lens in fig. 147. 
This lens is composed of one central lens, A B C D, corre^ 
qKHiding with its section D E in fig, 146., of a middle ring 

G E L I corresponding to€ D E F in 
fig. 146., and consisting oPfive sejo^ 
ments; and another ring; N P R T^ 
corresponding to A C F B, and con- 
sisting of eigJU segmenta 
The preceding construction obvi- 
jT ously puts it in our power to execute 
these compound lenses, to which I 
have given the name of polyzonal 
lenses, of pure flint glass free from 
veins ; but it possesses another cfreat 
advantage, namely^ ^at of enabling 
us to correct, very nearly, the spherical aberration, by making 
the foci of each zone coincide. 

One of these lenses was constructed, under my direction, 
ibr the Commissioners of Northern Lighthouses, by Messrs. 
W. and P. Gilbert It was made of pure flint glass, wafl 
three feet in diameter, and consisted of many zones and seg- 
menta Lenses of this kind have been made in France of 
crown glass, and have been introduced into the principal 
French lighthouses; a purpose to which they are mfinitely 
better adapted than, the best constructed parabolic reflectors 
made of metal. 
A pdyzonal lens of at least four feet in diameter will be 
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Ipeedily executed aos a lmniiiig'glaaB» and will, no doubt, W 
the most powerful ever made.- The means of executinj^ it 
have been, to a considerable degree, suf^lied by the scientifie 
liberality of Mr. Swinton and Mr. Calder, and other gentlemen 
of Oalcutta. 
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CHAP. XXXIX. 

ON mtPUB AHB fM/^VKD PtMIOk 

PriMuOic Lenses* 

(196.) Thb general properties of the prosm in refracting 
and decomposing light have already been explained; but its 
"application as an optical instrument, or as an important part of 
t^cal instmments, remains to be described. 

A rectangular prism, ABC, fig, 148., was first applied by 
Sir Isaac Newton as a plane mirror for reflecting to a side the 
Yi^ which form the image in reflectmg telescopes. Th^ 




aagles, B A C, B C A, being each 45% and B a right angle* 
rays fidling on the ftce A B will be reflected by the back sor- 
iace B C as if it were a plane metallic mirroir; for whatever 
be the refiraction which they sufibr at their entrance into the 
fiiee A B, thev will suffer an equal and opposite one at the 
fkee B C. The great value of such a mirror is, that as the 
incident rays fall upon A C at an angle greater than that aSt 
which total reflexidi commences, Utey ioul all suffier t&uH re* 
Jlexian, and not a ray ^ill be lost ; whereas in the best me- 
tallic speculum nearly half the light is lost A porti<»i of 
light, however, is lost by reflexion at tbe two sui^ces A B, 
B C, and a small portion by the absorption of the glass itsel£ 
&ii Isaac Newton also ptoposeA the convex prism^ shown at 
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, D£:F,tiie faces DF^Ffi being grtiand convex* Afianul^- 
TOUB prisai, called the meniMcUB prigm^ and ahown at G H I| 
has been used by M. Chevalier, of Pfeuis, Ibr the caxnem ob- 
Bcafa. It differs only from Newton's in the second Ace, I H, 
being concave in place of convex. 

On account of the difficult execution of these prisms, J have 
proposed to use a hemispherical lens, L M N, th6 two convex 
surfaces of which are ground at the same time. When a 
longer (ocvts is required, a concave lens, R Q, of a longer focus 
than the hemisphere P R Q, may be i^aced or cemented on 
its lower sur&ce, and if the concave lens is formed out of a 
si^iance of a different dispersive power, it may b^ made to 
correct the color ^f the convex lens. ' * 

A single prism is used with peculiar advantage for invertinff 
pencils of li^t, or for obtaining an erect image from pencifi 
that would give an inverted one. This ^ect is shown in fig. 
149., where A B C is a rectangular prism, and R R' R" a par- 
allel pencil of light, which, af&r being refhioted at the pc^ts 




1, 2, 3, of the &ce A B, and reflected st the points a, b^ c, of 
the base B C, will be again refracted at the points 1, 2, 8, of 
the face A C, and move on m parallel lines, 3 r ", 2 r ', 1 r ; the 
ray R I, that was uppermost, being now undermost, as at 1 r. 

Compound a$id VariaUe Pfitms. 

(187.) The great difficulty cF obtaming glass sttfficietitiv 
pure for a prism of any size, has rendered it extremely dim- 
cult to procure good ones ; and they have therefbre not been 
httroduced as the^ wocQd otherwise have been into optioll in« 
struments. The principle upon which polyzonal lenses are 
constructed is equally applicable to prismsi A- prism oon- 
Btructed like AB,^. 150., if properly* executed, would have 
exactly the same properties as A B U, and would be incorii- 
parably superior to it, from the light passing through such a 
email thickness of glass. It would obviously be difficult to exe* 
cute auch a prhim as A D out of a single piece of glassv though 



it is quite practicBbie; but there ia no difficult in c 
■iz gmsll pri^i ill cut out of one prismatic rod, ud 




neoesarQ; nmilar. The summit of the rod ahonld have a 
flat najTovr &ce parallel to its base, which would be easilj' 
done if the priroiatic rod were cut ont of a plate of thick pai- 
njlel glasB. The seperate piismt being cemented to one an* 
other, aa (n the figure, will forro a compound prism, which 
will be superior to the ctanmon prion for all pm'poaes in which 
it acta solel; by refractiou. 

(188.) A compound prism of 8 different kind, and bavins' a 
variable angle, was propceed by Boscovich, as shown in ^. 
151., where A B C is a hemispherical convex lens, moving in 
a CMtcave lens, DEC, of the same curvatiue. By toming 

H/. 151. 



-me tpf the lenses roond upon the other, the inclination of Ibe 
&ce8 AB,DE,orAB,CE, may be made to vary from 0° to 
above 90°. 

(189.) Aa this apparatus is both tronbtesome to execute and 
. difficult to use, I have employed an entirely difierent principle 
Ibr the construction (^ a variable prism, and have used it to a 
great extent in numerous experiments on the dispersive pow- 
ers rf bodies. Ifweproducea vertical line of light bj nearly 
closing the window-diutters, and view the line with a flint 

Ce prism whose refracting angle is 60°, the edge of the t«- 
tiag angls bein^ held vertical, or paraltel to the Ibe ^ 
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ligfat^ the InmuMMHS line will be seen id a bfightly ftolorMi 
epectnim, and any dmall portion of it will reseix^e almost ex- 
actly ^ solar Bpectram. If ,we now turn tbe pnan m the 
plane of one of its refiractii^ faces,, so that the inelmation cs 
the eckpe to the line of light increases gradmlly fixnn 0^ |^p to 
W when it is perpendicular to the line of light, the spectrum 
Will gradually grow less add less colored, e^ictly as if it were 
formed by a prism of a less and less redacting angle, till at an 
inclination of 90^ not a trace of cdor is left By this sfanple 
process, therefi^, namely, by using a line of light instead ^ 
a circokr disc, we have pioduced the very same elSecl as if 
the redacting angte of tne prism had been varied fnmi 00^ 
down to d®. 

(190.) Let it now be required to determine ^e tektiTe diB* 
petaive poW^s of flint glass and otiwn glisls. Place the 
orowB gksB prism so as to pfiiduce the largest specttinn from 
tiie line of whit^ light, and let the refractinj^ a^e of the 
prism be 40^. Then place the flint glass prism tetween it 
and the eye, and turn it round, as before described, till it cor- 
rects the color produced by the crown £lass prism, ot tQl the 
line of light is perfectly colorless. The inclination of the 
edge of the flint fflasB prism to the line of light beixur known, 
we can easily And, by a simple formula the angle of a prism 
ci flint gksB whicb corrects Ae color of a prism of crown 

flass with a refracting imglft of 40^. See my Treatite on 
ITeto Phtloaophical Iruiruments, p. 291. 

(191.^ *niis lens is more amusing than useful, and is intend- 
ed to give a number of images of the same object Thougti 
it has the circular form of a lens, it is nothing more than a 
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samber of jprisms fiirmed l^ grinding varioos flat ftces on the 
convex sorface of a {dano-convex glass, as shown in ^. 152., 
where A B is the section of a maltiplying glass in which only 
three of the planes are seen. A direct image of the object 
C will be seen through the ^e G H, by the eye at £ ; an- 
other image will be seen at D, by the redaction of the face 
H B, and a third at F, by the refraction of the face A G, an 
imagjB being seen throogh every plane &ce that is cut uipoa 
the lens. The image at C will be colorless, and all those 
formed by planes inclined to A B will be colored in proportion 
to the angles which the planes form with A R 

Natural multiplving glasses may be found among trans- 
parent minerals which are crossed with veins oppositely crys- 
tallized, even though they are ground into plates with parallel 
&ces. In some specimens of Iceland spar more than a hun- 
dred finely colored images may be seen at once. The theory 
of such multiplying gksses has already been explained in 
Chap. XXIX. 



CHAP. XL. 

ON THB CAMEIU. OBSCURA, MAGIC lANTERN, AMD 

CAMEBA LVCIDA. 

(102.) Thk camera obscurOj or dark chamber, is the name 
of an amusing and useful optical instrument, invented by the 
celebrated Baptista P(N'ta. In its originiU state it is nothing 
more than a dark room with an opening in the window-shutter, 
in which is placed a convex lens of one or more feet focal 
length. If a sheet of white paper is held perpendicularly be* 
hind the lens, and passing through its focus, there wul be 
painted upon it an accurate picture of all the objects seen 
from the window, in which the trees and clouds will aiq>ear to 
move in the wind, and all living objects to display the same 
movements and gestures which they exhibit to ^e eye. The 
perfect resemblance of this picture to nature astonishes and 
delights every person, however oflen they may have seen it 
The image is of coarse inverted, but if we look over the top 
of the paper it will be seen as if it were erect. The ground * 
on which the picture is received should be hollow, and part of 
a sphere whose radius is the focal distance of the convex lens. 
It IS customary, therefore, to make it of the whitest plaster of 
Paris, with as smooth and accurate a sur&ce as possible. 

In order to exhibit the picture to several apectatora at oiioe» 
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and to enable any penon to copy it, it is desirable tbat the 
image ahoald be ^med upcm a hoiizontal table. This may 
be (kme by meaiu of ajnetallic mirror, placed at an angle of 
45° to the refrapted rays, which will reflect the picture upon 
the white ground lying horizontally; or, as m the portable 
camera obsCnra, it may be reflected upwards by the mirror^ 
and received on the lower side of a plate of ground glass, with 
its rough side uppermost, upon which the picture may be 
copied with a fine sharp-pointed pei^ciL 

A very convenient pofrtable camera obecura for drawin|^ 

landscapes (xr other objects is shown in fig. 153^, where A S 

is a meniscus lens^ with its concave side uppermo^ and the 

tif. 153. ladius of its convex surikce bein^ 

^ to th^ radius of its concave sur- 

t* — --^^ ^^"50 as 5 'to 8,/and C D a plane 
ak metallic ^)eculum inclined at an 
.^ AlnBn ^^g^e of 45<^ to the horizon, so as 

to reflect the landscape downwards 
through the lens A R The 
draughtsman introduces his head 
throufi^h an Opening in one side, 
and his hand with the pencil 
through another opening,, made in 
such a manner as to allow no light 
to fidl upon the picturo which is 
'exhibited on the paper at £ F. 
The tube containing the mirror 
and lens can be turned round by a 
rod within, and the inclmation of the mirror changed, so as to 
introduce objects in any pert of the horizon. 

When the camera is intended for public exhibition, it con- 
sists of the same parts similarly arranged ; but they are in 
this case placed on the top of a building, and the rotation of 
the mirror, and its moti<»i in a vertical plane, are efi^ected by 
turning two rods within th^ reach of the spectator, so that he 
can introduce any object mto the picture mm all points of the 
compass and at all distancea The picture is received on a 
table, whose sur&ce is made of stucco, and of the same radius 
as the lens, and this surface is made to rise and fall to accom- 
modate it to the change of focus produced by objects at dif^ 
ferent distances. A camera obscura which throws the image 
down upon a horizontal surfiice may be made' without any 
mirror, by usmg an^^ of the lenticular prisms D £ F, G H I, 
M L N, when the objects are extremely near, and P R i^JSgc- 
148. The convex surfiuses of these prisms converge the rave 
which are reflected to their focus by the flat ftcee D £, G H» 
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L N, tai P Q; tbeoe lenticnlar primu nay be fcnoed lif oo- 
mesting plancr-cmvei or concave lenses oa the faces A B, BC 
<rf* the rectangular prism A B C, oi tjie couves leiM may be 
placed iie«rlo A B. 

If we wi^ to farm ui erect image on a vertical ^aoe, the 
primg ABC, ji^. 148^ maj be placed in front d' tba convex 
l^ii, or iqiinediately hehiod it. Tlte suae efiect might be 
produced by Ihree reflexions frooi three inimiie or epecuk. 

I have found that a peculiarly brilliant e&ct is given to the 
images fbrtaed ia the camera olscura when they ue received 
npoa the nlvered back o[ a looking-glasB, nnoirtked by grind- 
ing it with a fiat and aoft hcaie. In the portable camera ob- 
•cun I find tint a film of akinuned milk, dried upon a plate <rf' 
gloss, is wpeiioT to ginuod glaai for the reception of imagea, 

A DudifieatioD of the camera idiecuni, callal the m^foecope, 
it intended fbr taking magnified drawings <rf' smalT objects 
placed near the lena In this oaae, the distance (^ the image 
behind the lens ii greater than the distance of the object te- 
Gire it By altering the distance of the object, the size of the 
image may be reduced or enlarged. The hemief^erical lens 
LMN,jlg. 148., iaparticulariy adapted for the megascope. 



Magic 
(1S3.) The magic lantern, an invention cf Eirdier, 



is a Qoncav* mimv M N, the veites of whit^ is oi^wdte to 

the centre of the flame, which ia placed in its &cur In the 
<qiposile side of the lantern is fixed a tube A B, aontaining a 
kemispherical iliaminating lens A, and a convex lens B; i» 
tween A and B the diameter of the tube is uKreased fijr th« 
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minx)0a of iQoyfing slidera to be introduced through the slit 
C D. These (slidera contain 4 or 5 pictures, each painted and 
highly colwed with transparent varnishes, and, by sliding 
them through G D, any of the subjects may be introduced into 
the axis of the tube and between the two lenses A, B. The 
li^ht of the lamp L, increased bj the light reflected from the 
mirror falling upon the lens A, is ccHicentrated by it upon the 
picture in the slider ; and this picture, being in one of the 
conjugate hex of the lens B,, an enlarged image of it will be 

> painted on a white cloth, or on a screen of white paper, E, 
standing or suspended perpendicularly. The distance of the 
lens B nom the object or the sQider may be increased or dimin^ 
ished by pulling out or pushing in the tube B, so that a distinct 

> picture of the object may be rormed of any size and at any 
distance from B, within moderate limits. If the screen £ F is 
made of fine semi-transparent silver paper, or fine muslin 
properly prepared, the image may be distinctly seen by a spec- 
tator on tiie other side of the screen. 

(104.) The fkarUatmagoria is nothing more than a magic 
liemtem, in which the images are received on a transparent 
screen, which is fixed in /view of the spectator. The magic 
lantern, mounted upon wheels, is made to recede from or ap- 
proach to the screen ; the consequence of which is, that the 
picture on the screen expands to a gigantic si2e, or contracU 
into an invisible object or mere luminous spot The lens B is 
made to recede from the slider in C D when the kntern ap- 
proaches the screen, and to approach to it when the' lantern 
recedes from the soreen, in onler that the picture upon the 
'screen may always be distinct This may be accomplished, 
according to Dr. Young, by jointed rods or levers, connected 
with the screen^ which pull out or push in the tube B; but 
we are of opinion that the required efiect may be much more 
elegantly and efficaciously produced by the simplest piece of 
inedianism connected with the wheels. 

Camera Ijucida. 

(Id5.) This instrument, invented by Dr. WoUaston in 1807, 
has come into verr general use for drawing landscapes, de- 
lineating objects of natural history, and copying and reducing 
drawings. 

Dr. WoUaston's form of the instrument is shown in Jig, 
155., where A B C D is a glass prism, the angle BAD being 
90°, A D C 071^ and D C B 135°. The rays proceeding from 
any o^ect, M N, after being reflected by uie faces D u, C B 
to the ieye, E, placed above the angle % the observer will see 
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) image « n of tbe object M N pojected opoa a piece of 
qter at mn. If the eye is now brougfat down doee to tbe 




angle B, so that it at the same tdme sees into the piisDi with 
one-half of tbe fapQ, and past the angle B with the other half, 
it will obtain distinct viaon of tbe image ffln, and dlaosee tbe 
paper and the pobt of the pencil. The draughtsman has, 
therefore, only to trace the outline of the image upon the 
paper, the ima^ being seen with half of the pupil, and the 
paper and pencil with the other half. 

Mau)^ persons have acquired the art of nsing thia instrn- 
ment with great fiicilitj, while others have entirely &iled. In 
examining the causea of this Mure, professor Amici, of Mo- 
dena, succeeded in removing them, aid has proposed various 
ffwins of the instrument free frtnti the defecU of Dr. WloUas- 
ton'a* Tbe one which M. Amici thinks the best is shown in 
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jSg-. 156;, where A BC D is a piece c^ thick pmllel glUBs, 
F 6 H C a metallic minor, whoee face, F G, is highly polish* 
ed, and inclined 45° to B C. Bays from an diject, M N,* after 
passii^ through the glass A B C D, 'are reflected liom F G,. 
and a^rwards from the &ce B C of the glass plate to the eve 
at E, hy which the ohject, M N, is seen at m n, where the 
paper is {daced. The pencil and the paper are readily seen 
through the plane glass A B C D. In order to make the» two 
^ces of the glass, A D, B C, perfectly parallel, M. Amiei 
finrms a triangular prism of glass, and cats it throu^ the 
nuddle ; he then joins the two prisms or halves, A D C, C A B^ 
so as to finrm a parallel plate, and by slightly turning round 
the prisms, he can easily find the position in which the two 
&ces are ^^erfectly parallel. 



CHAP. XU. 

ON HICR0S00PS8. 

A HiCBOsooPB is an optical instrument ^ magnifying and 
examining minute object& Jansen and Drebell are supposed 
to have separately invented the single microscope, and Fon* 
tana and Gedileo seem to have been the first who constructed 
the instrument in its compound fi)rm. 

Single Microscope. 

(196.) The single microscope is nothing more than a lens 
or sphere of any transpar^t substance, in the focus of which 
minute objects are placed. The rajrs whidi issue from each 
point of the object are refracted by the lens into parallel rays^ 
which, entering the eye placed immediately behuid the lens, 
affi>rd distinct vision of the object The magnifying power 
of all such microscopes is eqtul to the distance at wliich we 
could examine the object most distinctly, divided by the focal 
len^h of the lens or sphere. If this distance is 5 inches, 
which it does not exceed in good eyes when they eiaxcaiie mi- 
nute objects, tiien the magnuying power of each lens will be 
as follows: — 
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The linear maffnifying power is the Buihbet of timed aii 
object is magnifiea in length,* and the auperfidai magnifying 
power is the number of times that it is magnified in sur&ce. 
if the object is a small square, then a lens (^ one inch locus 
will magnify the side (^ the square 5 times, and its area or 
surface 25 times. 

The best smgle microscopes are minute lenses ground and 
polisdied on a concave tool ; but as the perfect execUti^ of 
these requires considerable skill, small spheres have been often 
constructed as substitutes. Dr. Hooke executed these spheres 
in the following manner : having drawn out a thin strip of 
window-glass into threads by the flame of a lamp, he held one 
of these threads with its extremity in or near the flame, till it 
ran into a globule. . The globule was then cut ofi^ and placed 
above a small aperture, so that none of the rays which it 
transmitted passed through the part where it was joined to the 
thread of glass. He sometimes ground off the end >of the 
thread, and polished that part of tl^ sphere.. Father di Torre 
of Naples improved these globules by placing them in small 
cavities in a piece of calcined tripoli, and remelting' them 
with the bbwpipe ; the conseouence of which was, that they 
assumed a perfectly ^herical n>rm. Mr. Butterfield executed 
similar spheres by taking upon the wetted point of a needle 
some finely pounded glass, and melting it by a spirit lamp into 
a globule. If the part next the'neecQe was not melted, the 
globule was removed from the needle and taken up with the 
wetted needle on its round side, and again presented to the 
flame till it was a perfect sphere. M. Sivright, of Meggetland, 
has made lenses by putting pieces of glass in small zomid 
apertures between the 10th and 20th of an inch, made in pla- 
tmum lea£ They were then melted by the blowpipe, so that 
the lenses were made and set at the same time. 

Mr. Stephen Gray made globules for microecqpes by insert- 
ing drops of water m small aperturea I have niade them in 
the same way with oils and varnish^ ; but the finest of aU 
single microscopes may be executed by forming minute plano- 
convex lenses upon glass with diflerent fluids I have aleo 
formed excellent microscopes by using tlie spherical crystal- 
line lenses of minnows and other smul fish, and taking care 
that the axis of the lens is the axis of vision, or that ^e ob- 
server looks through the lens in the same manner that the fish 
did.* 

The most perfect single microscopes ever executed of solid 
substances are those mi^e of the gems, such h^gamet, ruifyt 

See Sdinkurgh Jounal if Stieitet, No. III. p. 96. 
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tap^ire, aai diamonJ. Tbeadvantageaof each IcEsesI first 
pointed out in mj Treatite cm Philotopkical Jnilrumenft ; 
and two lensee, one of ruby and another of garnet, were exe- 
cuted for me by Mr. Peter Hill, optician in Edinburgh. ITiese 
lenses performed admirably, in ctnBequeDce of their pmducing, 
witb lur&ces of inferior curvature, the ame magnifying' 
power as a glus lens ; and the diatinctness of the image was 
inereaaed tn tbeir abatvbiog the extreme blue rays oS" the 
qiectnun. Ur. Piitchard, of London, has carried this branch 
of the art to the higbeit perfection, and has executed lenaea 
(tf BBpphire and dianKaia of greet power and perfection of 
workniandiip. 

When the diainoiid can be procured perfeotly bonx^eneouB 
■nd free from double reAactioa, it may be wrou^t into a lens 
of the highest excellence ; but the sapphire, which has double 
refraction, is less fiUed fer this purpcee. Garnet is decidedly 
the beat material for single lenees, aa it has no double reac- 
tion, and may be procured, with a little attention, perfectly 
pure and hcmogeneoua. I have now in my poesessioa two 
garnet micrcecopea, executed by Mr.Adie, which Sir sorpess 

, eve^ solid lens 1 have seen. Their local length is between 
the 30th and the 50th of an inch. Mr. Veitch, of Inchbonny, 
has likewise executed some admirable garnet lenses out ^ a 

. Greenland specimen of that mineral given to me by Sir Charles 

(19T.) A single inicToec<me, which occurred to me some 
years ago, is slrawn m fy. 157., and consists in a new method 
of wiiii^ a hemupherical tent to a* to obtain from it twice 




lie magnifying peneer vthWk it jiottette* uhen u»ed tn (he 
rommon way. It A B C is a hemisj^erical lens, rays issuing 
fiwn any object, R, wili be refracted at the first sur&ce At^ 
and, after total reflexion at the plane aurfcce B C, wiU be 
again refracted U the second sur&ce A B, and emerge in par* 
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allel diretftJiniH de/ exactly in the nine nwnner u if tiwf 
had not been reflected at the poiate a, 6, c, bat had paaaad 
through the other half B A' C of a perfect BiAere A B A' C. 
The object at R will therefore be nragniGed in the same taaa- 
ner, and will be seen with the aame diBtinctaea aa if it bad 
been seen through a iphere of gkn A B A' C. We obtein, 
conseqiientlj, by this crattrivance, all the ndTaolagee of a 
spherical lens, which we believe never baa been executed Bf 
grinding. The periecopic prbciple, which will {naantly 
be mentioned, may be communicatsd to this catoptrie leu, aj) 
it may be called, by merely grinding OS the angles B C, or 
roogh grinding an amular space on the plane aur&ce B C. 
The conliiaion arising from the obliqae TNracticRia will thus 
be prevented, and the pencils from every part of the object 
will liill Bymmetrically upon the lena, and be BymmebritwUy 
redacted. 

Before t had thought of this lens, Dr. Wdlaaton had pm- 
pjBoi a method of improving lenaes, which is Aowa in fig: 
tif. liB. 1^ He introduced between two plano- 
convex lenses i^ equal size and radiuB,a 
plateof metal with acircularapertureeqiul . 
' ) jth of the focal length, and when the 
perture was well centered, he Gxmd tfaiit 
le vieible field was 20° in diameter. In 
I this compound lens the oblique peneila pa^ 
/ liice the central onea, at right angles to the 
BUifiice. If we compare Sue lena with the 
eatoplrie one above described, we ahall sbs 
that the eSect which ia produced in the one 
1 two spherical and two plane aur^ces, all ground 
separately, is produced in the other caae by one spherii^ and 
one plane surlace. 

(196.) The idea of Dr. Wollaston may, however, be im- 
proved in other ways, by filling up the central aperbire with 
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a oement of the sMue refiractiYe power w the leoaea^ or, what 
b ikr better, by tddng a sphere of glass and ffrindiiig away 
the equatorial parts, so as to limit the centnu aperture, as 
shown in fig, 150. ; a con8t|;action which, when executed in 
garnet, and used in homog«ieou8 li£^ we conceive to be the 
most perfect <^ all lenses, either for angle microsoopes^ or for 
the object lenses of compound ones. 

When a smgle microscope is used for Opaque olnects, the 
lens is placed within a cancave silver speculum, which oon- 
eentmtes panllel or converging rays upon the fitce of the ob* 
ject next me eye. 

OMnpotnulJtficrofoopes. 

(100.) When a microscope consists of two or more lenses 
or specula, <»ie of which forms au enlar jfed image of objects, 
while the rest magnify tluit image, it is called a cofAipound 
micrascope. The lenses, and the progress of the rays through 
them in such an instrument, are shown in fig, 160., where 
AB is the object glass, and C D the eye glass. An object, 

Fig. 160. ' 




M N, pkced a little fiirther from A B than its principal fecus, 
will have an enlareed image of itself formed at m n in an in- 
verted position, u this emarged image is in the focus of fui* 
other lens, C D, placed nearer the eye than in the figure, it 
will be again magnified, as if m n were an object The mag- 
nifying elect of the lens A B is found hv divi^^ the distance . 
of the image mn from the lens A B by the distance of the 
object from the same lens ; and the magnifying e£^t of the 
eye glass C D is found by the rule for single microscopes ; and 
these two numbers being multiplied together, will be the * 
magnifying power of the compound microscope. Thus, if M A 
is ^th of an mch, A n, 5 inches, and C n ^ an inch, (m n being 
supposed in the focus of C D,^ the e^ct of the lens A B wifl 
be 20, and that of C D 10, ana the whole power 200. A larger 
lens than anv of the other two, called the field glass, and 
shown at £ r, is generally placed between A B and the image 
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mn, for the poriiose of enlargii^ the field of view. It has 
^e effect of diminishing^ the ma^iifying power of the instru* 
ment by forming a smSler image at v u, which is magnified 
by CD. 

The ingenaity of phikieophera and of artists has been nearly 
exhausted in devising the best forms of object glasses and of 
eye glasses for the compound microscope. Mr. Coddin^ftoa 
has recommended four lenses to be employed in the eye piece 
of compound microscope^ as shown in j^. 161.^ and along 
with these he uses, as an object glass, the e^here excavated at 

Fig. 161. 




the equator, as in fig. 159., for the purpose of reducing the 
aberration and dispersion. " With a sphere,** says he, ** prop- 
erly cut away at the centre, so as to reduce the aberration and 
dispersion to insensible quantities, which may be done most 
completely and most easily, as I have found m practice, the 
whole image is perfectly distinct, whatever extent of it be 
taken ; and the radius of curvature of it is no less than the 
focal length, so that the one difiiculty is entirely removed, and 
the other at least dtminidied to one-half besides all this, 
another advantage appears in practice to attend this construe-' 
tiont which I did not anticipate, and for which I cannot now 
at all account I have stated that when a pencil of rays is 
admitted into the eye, which, havmg passed without deviation 
through a lens, is bent by the eye, the vision is never free 
from the colored fringes produced by excentrical dispersion. 
Now, with the sphere I certainly do not perceive this defoct, 
and I therefore conceive that if it were possible to make the 
spherical glass on a very minnte scale, it would be the most 
perfect simple microscope, except, perhaps, Dr. Wollaston^s 
doublet * * * Now, the sphere has this advantage, that it is 
more peculiarly fitted for the object glass of a compound in- 
strument, since it gives a perfectly distinct image of any re- 
quired extent, and that, when combined with a proper eye 
f iece, it may without difficulty be employed for opaque ob- 
jects."* The difficulty of making the spherical glass on a 
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very ulnnte scsle, which Hr. Coddington here mentiona, tai 

whicb a by no meaiM inBurraoUBtable, is, 1 conceive, entirely 

remoTed by subatituting a hetniepbere, as shown b fig. 157., 

■ad ccMitractiDg the aperture in the manner there mentioned. 

Dr. Wtritastoa'e nicrasoopic doublet shown injl^. 102., cod- 

F\g'm. «i^ of t"^ plano-convex Mnses m, n, 

vith their plane sides turned towarda 

the ctgect. "nieir focal lengths ars ta 

one to three, and their diatance thim lyV 

- to 1^ inch, the least convex being next 

the eye. The tube is about six inches 

ioog, having at its lower end, C D, a cir- 

cular perfbration about -j\dt an inch in 

diameter ; through which light radiatin? 

fltim R is reflected by a plane mirrar at 

below it At the upper end of the tub* 

is a plano-convex lens A B, abotf i of Ml 

inch fecns, with its plane side next (ha 

observer, the objeot of which la to tortB 

H diatinet knage of the aircuIaT peribra- 

tion, at e, at the diatance of about -fi, tit 

an heh firom A & With this iostnimsnt, 

St. WollasMi saw the fineA atrin iiiid 

twrrafarea npoh ttb teale^ of the tejptomt 

and poiwa, tai upon the scales <^ a 

(IDat^s wiiur. 

(300.) DouU6 and triple M^nniMtiD 
leiuea have been recetfUj much oaed ftr 
1. the abject glasses of mlcroMopea, ta/S 
two or three of them have bMn ooin- 
bined; but thoogh they perftmn wdl 
they are very expensive, and by DcmeaiU 
superior to other inatntments that are {^operly conatniotad.*' 
The powef rf nsmg hwnogeneoaB light, indeed, renders them 
in ft great measnre onnecessery, especially as we can emplty 
either of Mr. Hersehel's double lenses diown in fig». 48. bm 
44., which are entirely free from sjAerical aberration. One of 
these, fig. 44., has been execnted | of an inch focus, with iM 
apertore of A of an inch; itnd Hr. PritcbaY^, to whom it be- 
longs, infbnns tia that it brings ooi all the teAoIjects, and ex- 
hibits opaque ones with &cility. 

In applying the compound microscope to the eunrination of 
objecta of natural histoiy, I have recraKnended the immeraion 
of the object in a fluid, for the purpoee of expanding it and 

• Bm XMiOittl /«rul^ Mna. No. VIII. asw wtim, p. 3M. 
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g'yinff itd minute parts their pioper pbdtion and appeanmee. 
i order to render this method perfect^ it is proper to immerse 
the anterior surface of the object glass in the same fluid which 
holds the object ; and if we use a fluid of greater dispersive 
power than the object glass, and accomnx^te the interior 
surface to tlie difierence of their dispersive powers, the object 
glass may be made perfectly achromatic The superiority of 
such an instrument in viewing animalcule and the molecules 
of bodies noticed by Mr. Brown, does not require to be pointed 
out 

On Reflecting Microscopes. 

(201.) The simj^est o£ all reflecting microscopes is a con- 
cave mirror, in wluch the face of the (Hieerver is always mag- 
nified when its focus is more remote than the observer. When 
the mirror is very concave, a small object m n, Jig. 14, will 
facave a magnified picture of it formed at M N; and when this 
pictaie iB viewed bjr the eye, we have a single reflecting mi- 
croscope, which magnifies as many times as the distance A n 
of the object firom tiie mirror is contained in the distance A M 
of the image. 

But iff instead of viewing M N with the naked eye, we 
magnify it with a lens, we convert the simple reflecting mi- 
croscope into a compound reflecting microscope, composed of 
a mirrof imd a lens. This microscope was first proposed by 
Sir IsHiac Newton ; and after being long in disuse has been re- 
vived in an improved form by Proreesor Xmici of Modena. He. 
made use of a concave ellipsoidal reflector, whose focal dis- 
tance wnB 2fV inches. The image is formed in the other focus 
of the ellipse, and this image is magnified by a single or douUe 
eye piece, eight indies firran the reflector. As it is imprac- 
ticable to illuminate the object m n when situated as in Jig: 
14, professor Amici placed it without the tube or below the 
line BN, and introduced it into the speculum A B by reflexion 
firam a small plane speculum placed between m n and A B^ 
and having its diameter about half that of A R 

Dr. Gonng, to whcxn microscopes of all kinds owe so many 
improvements, has greatly improved this instrument He uses 
a small plane speculum less than 1 of the diameter of the 
concave speculiidi, and employs the following specula of very 
short focal distances : — 
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finiahed tnily elliptical qtecmA, whose aperture is equal ti 
their (bcai length. Ibis be tarn done nith specula haviqg 
half on irtch mub and half aa iDch aperture, and t/tree tetUA* 
of AH inch fbcni and thrte tentht tS an inch apMure. Dr. 
Goring aasures ob that this niicToscope eihlbited a set c^ loo- 
gitudtnal lines on the scales of the podura in addition to the 
two sets of diagnoa] oies preTiooslv discovered, and two seta 
of diagonal lines oa the scales tS the cabbage bntteiflv in ad- 
dition to the longitudinal ones with the crOH atnpet nithdno 

On 7^ Object*. 
(2Q3.) Dr. Goring baa the merit of having introduced the 
use of test objects, or objects whoee texture or tnarkinga re- 
quired a certain ejcelleoce in the micrcecope to be well seen. 
A few of these are shown inj^. 163. as given bj Hr. Pritch- 
■id. A is the wing of the menejaui, B and C the hair of the 
^. M3 




bat, and D and E the hair of the mouse. The most difficult 
tf all the test objects are thoee in the Bcale* of the podunt and 
the cabbage butterfly mentioned above. 

Rules for mierotcapic Obienationt. 

(209.) 1. The eye ahoold be pntected fitm all extraneooa 

light, and ahould not receive anf of the light which proceeds 

from the illuminating centre, excepting wkM ia tmwniitted 
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the dM e i » a is lying horiaoatalhr on hb bicL Hw arises 
fiom the yextetX stsbilihr of his head, and from the eqoali^ 
of the labricatiiifr fihn of flnid which oo?en the ooroea. The 
wont of ail poMtMoa is that in whkh we look downwards ?er> 
ticallj. 

4 If we aland straight op and look honaortaHy, paiaM 
warkmy or linea will be aeen most perfoctW.whai their di- 
lection is yertical ; ra. the directioa in whi^ the lubricating 
fluid descends over tiie oomea. 

5. Every part of the object dMnld be excladed» eicept that 
1 is under immediate observatioo. 



6u The lifffat which illominates the object afaonld liSTe a 
very small £ameter. In the day-time it should be a single 
hole in the window-shutter of a darkened roomt and at ni^it 
an aperture (daced befcre an Argand lampi 

7. In all cases, particalarlv when high powers are used, 
the natural diameter of the iUominating light should be di- 
minished, and its intensity increased, by opt£al contrivances. 

8. In every case c^microscqucalobservationsy homogeneous 
yellow light, procured from a monochromatic kmp, should be 
em^oye£ Homogeneous red l^g^ may be obtained by cdoted 



Sdm' Mienueope. 

(204.) The strfar microscope is nothing more than a magic 
lantern, the li^ of the sun beinjg used instead of that « a 
lamp. Hie tube A B, fig. 154., is inserted in a hole in the 
window-shutter, and the sun*s light reflected into it by a long 
plane piece of looking-glaaB, which the observer can turn 
round to keep the light in the tube as the sun moves through 
the heavens. 

living otgectSk or objects of natural history, are put upon a 
f^lass slider, or stack on the point of a needle, and introduced 
mto the opening C D, so as to be illuminated by the sun^s rays 
concentrated by the lens A. An enlarged and brilliant image 
of the object will then be formed on the screen E F. 

Those who wish to see the various external &rms of micro- 
scopes of all kindi^ and the difeent modes of putting tiiem 
^ are referred to the article M1OBO0OOFS, in the Edinburgh 
EnesfcioptuUd, voL xiv. p. 215— 233L In the latest work on 
the microscope, viz. Dr. Goring and Bir. Pritchard's ** Miero- 
acopical IllustiatioBs,'' London, 183(1, the reader will find 
much valuable and interesting infimnation. 
- ' ■■ ■ f ' 

* flee Ui> article BfaotOico M t £tfiitarf A giffcfgwrilie, voL xiv. p^SU. 
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OK RSFRACriNO AND ttEFLBCTINO TELBSi€X>PB8. 

(2(^.) That the telescope was invented in the thiiteeMli 
century, iind perfectly knoWn to Roger Bac<Hi, and that it was 
used in England by Leoftard and Thomas Digges befi»*e the 
Same of Jansen or Galileo, can iteaircely admit ^a doubt The 
principle of the refracting tdescope, and the method of cdlb- 
ttating its magnifying power, have been tdready explained. 
We shall therefore proceed to deecrR^e the di&rent forms 
whi^h it successively assumed. 

Tlie astronomicid telescope is represented in Jig» 164. It 
eonsijsts of two convex lenses A B; C D, the former of which 




is called the otje<^ gloss, fk>m bein^ next the object M N, and 
the latter the eye gkus, from its be^fiff next the eye £. The 
object ghes is a lens with a kxig focsu distance ; and the eye 
glass is one of a short focal distance. An inverted image m n 
of any distant object M N is formed in the focus of the obie<^t 
^lass A B ; and &is image is magnified by the eye glas? C D, 
m whose anterior focus it is placed. By tracing the rays 
through, the two lenses, it will be seen that they enter the eye 
E parallel. If the object M N is near the observer, the imafie 
mn will be found at a greater distance from A B; and the 
eye glass C !> must be drawn out from A B to obtain distinct 
vision of thd iitage m n. Hence it is usaal to Bx tte object 
glass A B at ^e end of a tube kmger than its focal distance, 
and to place die eye glass C D in a small tube, called itfe eve 
tube, whidi Will dide oat c£, and into, the larger tube, fyt the 
purpose of adjusting it to objects at difibreni distances. The 
magnifying power of this telescope is equal to the focal length 
of £e object glass divided by the focal lez^f^ of the eye glass. 
Telescopes of this construction were made by Campani 
Divini and Hnygens, of the enormous length of 120 and 196 
feet; and it was with instruments 12 and 24 feet lo^ tbit 
Huygens discovered the ring and the fourth satellite aimbattu 

Z 



1^0 A TSBATISE ON OPTICS. FABT IT 

In order to ase object glasses of such great ibcal lengths with- 
out the encumbrance of tabes, Huygens placed the object 
glass in a .short tube at the top of a very long pole, so that 
Bie tube could be turned in every possible direction upon a 
ball and socket by means of a string, and brought* into the 
same Ime with another short tube containing the eye glass, 
Which he held in his hand. 

As these telescopes were liable to all the imperfections 
arising from the aberration of refiran^bility and that of spher- 
ical figure, they could not show objects distinctly when the 
' aperture of the object glass was great ; and on this account 
thek magnifying power wbs limited. Huygens £>und that the 
following were the proper prc^rtions: — 
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In the astronomical telescope, the object, M N, is always seen 
inverted. 

Terrestrial Telescope. 

(206.) In order to accommodate this telescope to land ob- 
jects which require to be seen erect, the instrument is con- 
structed as in ^^. 165., which is the same as the preceding 
one, with the addition of two lenses E F, G H, which have the 

Fig. 165. -» 




same focal length as C D, and are placed at distances equal to 
do<3Hi>le their common focal length. If the focal lengths are not 
eqtbl, the distance of any two of them must be equal to the 
sum of their focal lengths. In this telescope the progress of 
the rays is exactly tbe same as in the astronomical one, as far 
as L, where the two pencils of parallel rays C L, D L cross in 
the anterior focus L of the second eye glass £ F. These rays 
&lling on E F form in its principal focus an erect image, m' n\ 
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which is seen erect hy the thifd eye glass 6 H, as the nys 
diverging from m! and n' in the ifbcus of tj H enter the eye 
in parallel pencils at E'. The magnifying power of this tele- 
scope is the same as ^t of the former when the eye glasses 
are equall 

Galilean Telescope, 

(207.) This telescope, which is the one used hy Galileo, 
di^rs in nothing from the astronomical telescope, excepting 
in a concave eye glass C D, fig. 166. heing substituted for the 
convex one. The concave lens C D is placed between the 




image m n and the object glass, so that the image is in &e 
jHincipal focus of the concave lensi The" pencils of rays 
A B n, A B m fall upon C t>, converging to its principal focus, 
and will therefore he risfracted into parallel lines, which will 
enter the eye at E, and give distinct vision of the object The 
magnifying power of this telescope is found by the same rule 
as that for the astronomical telescope: it gives a smaller and 
less agreeable field of view than the astronomical telescope, 
but it has the advanta^ of showing the object erect, and of 
giving more distinct vision of it 

Gregorian Refiecting Telescope. 

(206.) Father Zucchius seems to have been the first person 
who magnified objects by means of a lens and a concave spec- 
ulum ; but there is no evidence that h^ constructed a reflecting 
telescope with a small speculum. 

James Gregory was the first who described the constructi<Mi 
of this instrument, but he does not seem to have executed 
one ; and the honor of doing this with his own hands was re- 
served for Sir Isaac Newton. 

The Gregorian telescope is shown in fig. 167., where A B 
is a concave metallic speculum with a hole in its centre. For 
very remote objects the curve of the speculum should be a 
parabola. For nearer ones it should be an ellipse in' whose 
ftrther focus is the object, and in whose nearer focus is the 
image; and in both these cases the speculum would be ^tee 
from spherical aberration. But, as these curves cannot be 
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commmiicated with certainty to specula, opticiajis are aatiBfi^ 
with giving to them a oorrect spherical figure. In front of the 

• Fig. M7. 




large qpeq^mn is placed a small concave one, C D, which 
can be moved nearer to and further from the latge speculum 

Sm^ans of the screw W at the side of ^e tube. This spec- 
am sboold have its curvature elliptical,^ though it is gene- ' 
rally made spbericaL >Ab eye-piece consisting of two convex 
leiises, E, F, placed at a distance equal to half the sum of their 
fecal kngths, is screwied into the tobe immediately behind the 
neat speculura A B, and permaneBdy fixed in that popitioiiw 
If rays M A, N B, issuing nearly parcel fron the extremitiea 
M and N of a distant object, MI ap^ the speeohna A^ th^ 
will form an invert^ knage of it at m », as moE^ dii^uictlp 
i^WB in Jig", 14 

If this linace m n is flurtiier tmn the sinafl speculum C B 
than its pruumnl fbousi an inverted iodafire ol ii m' n^, or aa ^ 
^pect image of the real eb|ect^ since m 918 itwlf an invdrtodl 
one, will be fonaed somewhere, between £ and F, th^ raya 
passing through the opening in the. speculum. This image 
m* n' might have been viewed and magnified^ by a convex eye 
gktfMi at F, but it is preferable to receive tba (xAviergmf n^s 
upon a lens E called the field glass, which ha^ns meaj; coor 
vei^pce, and iGbrms the imi^ of m n in the focus of the lena 
F, by which they are magnified;. or, virhat is the same thiiur, 
^e pencils diverging from the image m' n' are refracted byF, 
^.afl| to enter th<^ eye parallel, and give distinct vision of the. 
image. If the o^ect M N is brouffht nearer the speculum 
A B, the image of it, m n, will recede from A ft and approach 
tp C P; and, consequently, the other image m' n' m m^ con- 
jugate &CUS, of C D will recede from its place m' n\ and cease 
^ be seen distinctly. In order to restore it to its place m' n\ 
we have only to turn the screw W, so as to remove C D 
&rther from A B, and consequently fiirther ^from m n, which 
wil^ cause the image m' n' to appear perfectly distinct as be- 
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(ore. The magnifying power of this telescope may be found. 
by the following ruie :— 

Multiply the focal distance of .the great speculum by the 
distance of the small mirror from the image next the eve, as 
formed in the anterior focus of the convex eye glass, and mul- 
tiply also the focal distance of the small speculum by the focal 
distance of the eye glass. The quotient arising from^ dividing 
the former product by the latter will be the magnifying power. 

This rule supposes the eye-piece to consist of a single lens. 

The following table, showing the focal lengths, apertures, 
powers, and prices of some«.of Short's telescopes, will exhibit 
the great superiority of reflecting telescopes to refracting 
ones: — 

1 

2 
3 
4 

7 
12 



A««tanl«lMk« 


Mai>ifyii«pq««n. 


PiiNtar) 


3-0 


26 


to 100 


14 


4-5 


90 


300 


.35 


6-3 


100 


400 


75 


7-6 


120 


500 


100 


12-2 


200 


800 


300 


18-0 


300 


1200 


800 



I I 

Casgegrainian Telescope. 

(209.) The Cassegrainian telescope, proposed by M. Cas* 
9egrain, a Frenchman, di^rs from the Gregorian only in hav- 
ing its small speculum C B^fig, 168., convex instead of con- 
cave. The speculum is therefore placed before the image m n 



Fif.168, 




of the object M N, and an image of M N will be formed at 
m' n' between E and F as in the Gregorian instrument The 
advantage of this form is, that the telescope is shorter than 
tiie Gregorian by more than twice the focal Jengtii of the 
small speculum ; and it is generally admitted that it gives 
more light, and a distincter image, in consequence of the con- 
vex speculum correcting the aberration of we concave one. 

Z2 
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Newtonian Tele$cop€» 

(210.> The Newtonian telescope, which may be regaided 
u an improvement upon the Gregorian one, is represented in 
Jjg^. 169., where A B is a concave ^lecalam, and mn the in- 
wted image which it forms of the object from whidi the ray* 

"A. C 





M, N proceed. As it is impos^le to introduce the eye into 
the tube to view this image without obstructing the light 
which comes from the object a small plane speculum C D, in- 
clined 45^ to the axis of the large speculum, and of an oval 
fi>rm, its axes bein^ to one another as 7 to 5, is placed between 
^ the speculum and uie image m n^ in order to reflect it to a side 
at fii' n', so that we can magnify it with an eye glass E, which 
causes the rays to enter the eye paralleL The small mirror 
*is fixei upon a slender arm, connected with a slide, W whk^ 
the mirror may be made to approach to or recede from the. 
large speculum A B, according as the image m n approaches 
to or recedes from it This at^ustment might also be effected 
by moving the eye lens £ to or fiom the smaU speculum. The 
miLgnifying power of this telescope is equal to the fbcd length 
Q|r the great speculum divided by that of the eye glass. 

'As about half of the light is lost in metallic reflexions, Sir 
Isaac Netvton proposed to substitute, in place of the metallic 
i^peculum, a rectangular prism ABC, fig. 148., in which the 
light saSeta total reflexion. For this purpose, however, the 
glass reqmres to be perfectly colorless and free from veins, 
and hence such a prism has rarely been used. Sir baae 
alao proposed to make the two £ices of the prism convex, as 
D £ F, fig, 148., and by placing it between the image m n 
and the o^ect, he not only erected the image, but was enabled 
to vary the magnifying power of the telescope. The original 
telescope, consteucted by Sir Isaac's own hajids, is preaerred 
in the library of the Royal Society. 
The lowing table shows the dimensions or Newtonian 
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teleseopeB^ wMcb we have oomputed \r^ teking a fine teksoope 
made faj Hawksbee as a atandard :-^ . 



local infik or nwt 



1ft 2-23 inches. 0-129* inches. 98 

2 3-79 0*152 156 

3 514 0*168 214 

4 6*36 0181 265 
6 8-64 0-200 360^ 

12 14-50 0-238 604 

24 24-41 0-283 1017 ' 

(211.) On accoant of the great loss of light in metallic re* 
flexiona, which, according to the accurate experiments of Mr. 
R. Potter, amomits to 45 rays in every 100, at an incidence of 
45^,* and the imperfections of refiexion, which even with perw 
feet sttrfiu;eB make the rays stra^.^ or nor times more than 
the same imperfections in refracting sui&ces, I have jiroposed 
to construct the Newtonian telescope, as shown in fig, 170., 
where A B is the concave speculum, m n tiie image of the 




object M N, and C D an achromatic prism, which refracts the 
'iraatfe m n into an oblique positioii, so that it can be viewed 
by the eye at £ through a magnifying len& Nothing moA is 
iMuired by the prism than to turn the rays as much aside as 
will enable the observer to see the image without obstructing 
the rays from the object M N. As the prisms of crown and 
flint glass which compose .the achromatic nrism may be ce- 
ment^ by a substance of intermediate refractive power, no 
more -light will be lost than what is reflcicted at the two sur» 
fiM^es. 

In place 6f setting the small speculum, C D, of the New- j 

tonian telescope, fig, 169., at 45°, to the incident rays, I have 
pn^ioeed to {dace it much more obliquely, so as to reflect the 
image m n, ^. 170., out of the wa^ of the observer, and no 

fiffther. This would of course require a plane speculum, C D» 

■ — 

* S4k»kwgh. J9um€l ((f aeUnu, No. VI., new wriM, ^ S83. 
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of mnch greater length; bat the gmter oUiqaity of the r^ 
fiezion would more than compensBte far this inconvenienoe. 
It might be advisable, indeed, to use a small qieculom of dark 
glass, of a high refractive power, which at great incidences 
reflects as mnch light as metals, and which is capable of 
being broaght to a mnch finer sorftce. The fine samces of 
some crystals, such as ruby silver, oxide of tiki, or diamond, - 
might be used. 

A Newtonian reflector, without an eye glass, may be made 
hf using a reflecting glass prism, with one or both of its sur- 
facea concave, when the prism is placed between the image 
m n and the great f^peculnm, eo as to reflect the rays parallel 
to the eye. The mslgnifying power will be equal to the focal 
length of the /great speculum, divided by the radius of the 
concave snrfiice c/f the prism if both the sur&ces are concave* 
and of equal concavity, or by twice the radius^ if only one 
surfiice is concave. 

Sir WHUam Hersch^s Telescope, 

(212^) The fine Gregorian telescopes executed by Short 
were so superior to any other reflectors, that the Newtonian 
form of the instrument fell into disuse. It was revived, how- 
ever, bjjT Sir W. Herschel, whose labors form the most brilliant 
epoch m optical science. With an ardor never before exhibit- 
ed, he constructed no fewer than 200 seven feet Newtonian 
reflectors, 150 ten feet, and 80 twenty feet in focal length. 
But his zeal did not stop here. Under the munificent patron- 
9Lse o^ George IIL, he began, in 1785, to construct a telescope 
forty feet long, and on Sie 27th of August, 1789, the day on 
which it was completed, he discovered with it the. sixth satel- 
lite of Saturn. 

The great speculum had a diameter of 49^ inches, but itei 
concave sur&ce was only 48 inches. Its thickness was about 
8^ inches, and its weight when cast was 2118 lbs. Its fi)cal 
length was fixrty feet, and the length of the sheet iron tube 
which contained it was 39 feet 6 inches, and its breadth 4 feet 
10 inches. By using small convex lenses, Dr. Herschel was 
enabled to apply a pSwer of 6450 to the fixed stars, but a very 
much lower power was in general used. 

In this telescope the ob^rver sat at the mouth of the tube, 
and observed by what is called the front view, with his back 
to the object, without using a plane speculum, the eye lens 
being applied directly to magnify the image fermed by the 
great speculum. In older to prevent the bend, && firom ob- 
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stiucting too mu(^ of the mcident light, the image was ibnoed 
out of Uie axis d the speculum, mi must, therefikre, have 
been slightly distorted. 

As the frame of this instrument was ejcposed to the weather, 
it had greatly decayed. It wa^ therefore, taken down, aiid 
another telescope, <x 20 feet focus, with a speculum 18 inches 
in diametei, Wl» erected in its place, in 18S8, by J. F. W. 
Herschel, Esq., with which many important obsenratiooe bav« 
beeamada 

Mr. Rfimage^s Tdeseopt. 

(218.) Mr. Ramage, of Aba:^n, has constructed varioiw 
Newtonian telescopes, of great lengtiis and high powers. Th9 
largest instrument at present in use in this country, and we 
believe in Europe, was constructed W him, and erected at the 
Royal Observatory of Greenwich in 1820. The great specu- 
lum has a fecal length of 25 feet, and a diameter « 15 inches. 
The imaffe is fermed out of the axis of the speculum, which 
is inclin^ so as to throw it just to the side of^the tube, where 
the dnepver can view it witnout obstructing the incident rays. 
The tube is a 12-fiided prism of deal, and when the instrument 
is not in use it is low«!ed into a box, and covered with canvas 
The apparatus fer moving and directing the telescope, is ex- 
tremely simple, and dispuys much ingenuity. 



CHAP. XLHL 

OR AGHROMATIO TSLBBOOPnk 

(214) The principle of the achromalk telescope haa been 
briefly explained in Chap. VIL, and we have there shown how 
a convex lens, combqied with a concave lens of a longer fecns, 
and having a hi^er refractive and dispersive power, nii^ pro- 
duce refraction without color, and consequently Jbnn an image 
free from the primair prismatic qoknra It aas been demonstrated 
mathematicailr, and the reader may eonvince himself <^ its 
truth by actually tracing the rays through the tenses, that a 
coBPvex and a ooncave lens will ferm an aduomatic combina- 
tion, or will give a oolodeaa ima^, when their fecal lengths 
are in the same proportion aa their disnersive powers. That 
ii^ if the dispersive poweraof ctown and iint glass are us (h60 
to 1, or 6 to 10; then an achromatie object glass could be 
fermed by combining a convex crown glass lens of 6, or 60, or 
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600 inclies with a concave flint ghaa lens of 10, or 100, or 
1000 inches in focal length. 

But though such a combination would iform an in^e free 
from color, it would not he free from spherical aberration, which 
can only be removed by giving a, proper proportion to the cur- 
vatures of the first and last surface, or the two outer sur&ces 
of tiie compound lena Mr. Herschel has found that a double 
object glass will be nearly firee firom aherration, provided the 
radius of the exterior surface of the crown lens be 6*72, and 
of the flint 14*20, the fecal length of the combination being 
10*00, and the radii of the mterior sur&ces being computed 
fiom these data by the formulse given in elementary worKs on 
optics, so as to make the fecal lengths of the two glasses in 
fig. 171. the direct ratio of their dispersive powers. This 
combination is shown in Jig, 171., where A B is 
the convex lens of crown glass, placed on the out- 
side towards the object, and C D the concavo-con- 
vex lens of flint glass placed towards the eye. 
The two inside sui^ces that come in contact are 
so nearly of the same curvature that they may be 
ground on the same tool, and united together by a 
cement to prevent the loss of light at die two sur- 
fiices. 

In the double achromatic object glasses con- 
structed previous to the publication of Mr. Her- 
schePs investigations, the sur&ce of the concave 
lens next the eye was, we believe, always con- 
cave. 
Triple achromatic object glasses consist of three lenses A B> 
C D, E P, Jig, 172., A B and E F being convex 
lenses of crown glass, and C D a double concave 
lens of flint glass. 

The object of using three lenses was to ob- 
tain a better correcticxi of the spherical aberra- 
tion ; but the greater complexity of their con- 
struction, the greater risk of imperfect centering, 
or of the axes of the three lenses not being in 
the same straight line, togeth^er with the loss of 
light at six surfaces, have been considered as 
more than compensating their advantages ; and 
they have accordingly rallen into disuse. 

The feUowing were the radii of two triple 
a6hromatic object glasses, as constnicted by 
DoUond : — 
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/ 

I 

' A B, or first Crown Lens. 

nEST OQJ^CT GLASS. SBOOND OfiJXCT GLASS. 

Radii of first sorface, - - - 28 inches 28 

■ " second surface, --40-------- 35*5 

* • 

C D, or Flint Lens. 

Radii of first surface, . . - 20*9 - 21*1 

second sur&ce, --28 - - 25*75 

/ . E F, or second Crown Lens. 

Radii of first surface, - - - 28*4- ------- 28 

-^—^ second sur&oe, - - 28*4 28~ 

Focal length of the compound 

- lens, 46 inches ' - . 46*3 

In consequence of the great difficulty of obtaining flint 
glass free from veins and imperfections, the largest achromatic 
object glasses constructed ii! England did not greatly exceed 
4 or 5 inches in diameter. The neglect into which this im- 
portant branch of our national manufactures was allowed to 
fall by the ignorance and supmeness of the British government, 
stimulated foreigners to rival ,us in the manufacture of achro- 
matic telescopes. M. Guinand of Brqnetz, in Switzerland, 
and M. Fraunhofer, of Munich, successively devoted ^eir 
minds to the subject of making large lenses of flint glass, and 
both of them succeeded. Before his death, M. fVaunhofer 
executed two telescopes with achromatic pbject glasses of 9|^ 
hiches, and 12 inches in diameter ; and he in&rmed me that 
he Would undertake to execute one 18 inched in diameter. 
The first of these object glasses was for the magnificent achro- 
matic telescope ordered by the emperor of Russia, for the ob- 
servatory at IX>rpat The object glass was a double one, and 
its focal length was 25 feet ; it was mounted on a metallic 
stand which weighed 5000 Russian pounds. The Wescope 
could be moved by the slightest force m any direction, all the 
movable parts being balanced by counter weights. It had four 
eye glasses, the lowest of which magnified 175, and the higln 
est 700 times. Its price was 1300^., but it was liberally given 
at prime cost, or 950Z. The object glass, 12 inches in diameter, 
was made for the kingr of Bavaria, at the price of 27202. ; but 
as it was not perfectly complete at the time of Fraunhofer's 
decth, we do not know that it is at present in use. In the 
hands of that able observer. Professor Struve, the telescope of 
Dorpat has already made many important discoveries in as- 
tronomy. 

A french optician, we believe, M. LerebouiB, has more 
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recently executed two achromatic object gkaees of glass made 
by Guinand. One of tbem is nearly 12 inches in diameter, 
and another above 13 inches. The mrst of these object passes 
was mounted as a telescope at the Royal Observatory of Paris; 
and the French government had expended 5002. in the pur- 
chase of a stand for it, but had not the liberality to purchase 
the object glass, itsel£ Snr James South, our liberal and active 
countryman, saw the value d the^ivo object glasses, and ao 
Unired them for his observatory at Kensingtoo. 

ON AOHBOKATIO WnBBTKEB. 

(215.) Achromatic eyepieces when one lens oidy is wanted, 
may be composed of two or three lenses exactly on the same 
principles as object glasses. Such eyepieces, however, are 
aever used, because the color can be corrected in a superior 
manner, by a proper arrangement of singly lenses gf the same 
kind of glaasL This arrangement is diown mjlg» 173., where 
A B and C D are two plai^-convex lenses, A B being the one 

Pig, lit 
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next (he object glass, and C D the one next the eye^ a rav of 
white light R A, proceeding from the achromatic object glassy 
will be' refracted by A B at A, so that the red ray A r crosses 
the axis at r, and the violet ray A v at u But these rays beinff 
intercepted by the second lens C D at the points m, n, at di^ 
ferent distances from the axis, will sufier difierent degrees of 
refraction. The red ray mr suffering a greater refraction 
than the violet one n v, notwithstanding its inferior refran- 
gibilil^, so that the two rays will emerge parallel from the 
lens C D (and therefore be colorless) as shown at m r', «i v'. 

When these two lenses are made of crown glass, they must 
be placed at a distance equal to half the sum of their focal 
lengths, or, what is more accurate, their distance must be 
equal to half the sum of the focal distance, of the eye glass 
C D, and the distance at which the field glass A B would form 
an image of the object glass of the telescope. This eyepiece 
is called the negative eyepiece. The stop or diaphragm must 
be placed ha]f>wav between the two lenses. The fiical length 
of an equivalent lens, or one that has the same magnifymg 
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power as the eyejMece, is equal to twice the produet of the ' 
fecal lengths of the two lenses diyided by the sum of the stoi^ 
Buoabeta 

An eyepiece nearly achromatic* called Ramsden^s Et^pieee^ 
«Qd much used in transit instruments and telescopes with mi- 
crometers, is shown in fig, 174.^ where A B, C D, are two 

plano-convex lenses with thiir 
convex side* inwaids. They 
have the same focal length, an# 
are placed at a distance from 
each other, equal to tMthirds 
of the focal length of either. 
The focal length of an eqpva- 
lentlens is eqw to three-fourths 
the focal length c^ either l^ns. 
The use of Siis eyepiece is ^ 
^ve a flat field, or ^ distinct view of a system of wires placed 
at M N. This eyepiece is not quite achroma^ and it might 
be rendered more so by increasing the distance df the lenses; 
but as this would require .4he wires at M N tio be brought 
nearer A B, any (articles of dust or imperfections in the lens 
A B would be seen magnified by the lens CD. 

The erecting achromatic eyepiece now in imiversal use in 
all achromatic telesoc^tes for land objects is shown in fig» 175. 
It consistB of four lenses, A, C, D, B, placed as in the figure. 

Fig. 175w 





Mr.' Coddington has e^own, that if the fi)cal lengths, reckoning 
from A, are as the numbers 3, 4, 4 and S, and the distances 
between them, on the same scale 4, 6, and 5*2, the radii, 
reckoning firom the outer surfiice of A, should be thus : — 

A \ First surface 

} Second lur&oe 
p,^ First surfitoe 

^ Second surface 

2,^ nearly phiHHiowex. 



■■ > nearly plano-oonTez. 

\ 



9 
4 



a meniscus. 



D 



B 



} Second sarfiuw 

Second surface 34 J I>ottbte convex. 

2A 
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The magnifyiogr power of this eyepiece, as osoaBy made^ 
differs little m>m what would be produced by using the first 
or fourth lens alone. I have shown, that the magnifying^ 
power of this eyepiece may be increased or dimin^ed \^ 
varying the distance between C and D, which even in common 
eyepieces of this kind may be done, as A and C are placed ih 
one tube A C, and D and B in another tube D B, so that the 
latter can be drawn out of the general tube. In ^. 175., I 
have shown the eyepiece constructed in this way,^and capable 
of having its two parts separated by a screw nut £2, and rack. 
This contrivance for obtaming a variable magnifying power, 
and consequently of separating optically a pair of wires fixed 
before the eye glass, I communicaied to Mr. Carey in 1805, 
iVid had one of the instruments constructed by Mr. Adie. in 
1806. It is fully described in my Treatise on Philotopkical 
hutrumentf, and has been more recently brought out as a new 
invention by Dr. Kitchener, under the name or the Pancratie 
Eye Tube. . 

Prim Tekscope, 

(216.) In 1812, I showed that colorleffi refiraction may be 
produced by combining two prisms of the same substance, and 
the ^experiments which led to this result were published in my 
Treatise on New Philosophical Instruments in 1813. The 
practical purposes to which this singular principle seemed to 
be applicable were the construction of an achromatic telescope 
with lenses of the same glass, and the construction of a 
Teijwscope, for extending or altering the lineal proportions of 
objects. 

If we take a prism, and hold its refracting edge downwards 
and horizontal, so as to see through it one of die panes of glass 
in a window, there will be found a position, namely, that in 
which the rays enter the prism and emerge from it at equal 
angles, as in^^. 20., where the square pane of glass ^ of its 
natural size. If we tarn the refracting edge towards the 
window, the pane will be extended or magnified in its length 
or vertical direction, while its breadth remains the same. If 
we now take the same prism and hold its refracting edge ver- 
tically, we shall find, by the same process, that the pane of* 
glass is extended or magnified in breadth. If two such prisms, 
liierefore, are combined in these positions, so as to magnify the 
same both in length and breadth, wc have a telescope com- 
posed of two prisms, but unfortunately the objects are all 
highly firinged with the prismatic colors. We may correct 
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th^ colbrs ia three ways : 1st, We may make the prisms of 
a kind of glass which obstructs all the rays but those of one 
homogeneous color ; or, we may use a piece of the same glass 
to absorb the other rays when two common glass prisms are 
used : 2d, We may use achromatic prisms in place of common 
prisms : or, 3d, What is best of all for common purppses, we 
may place other two prisms exactly similar, but in reverse 
positions, or they may be placed as shown in fig. 176., which 
represents the prism telescope ; A B and A C being two prisms 




of the same kind of glass, and of the same refracting angles, 
with their planes of refraction vertical, and E D, E F, other 
two perfectly similar prisms, similarly placed, but with their 
planes of refraction horizontal. A ray of light, M «, from an 
object, M, enter* the first prism, £ F, at a, emerges fix)m the 
second prism, E D, at 6, enters the third prism, A C, at c, 
emerges from the fourth prism, A H, at c^, dud enters the eye 
at O. The object, M, is extended or magnified horizonta^y 
by each of the two prisms, E F, E D, and vertically by each 
of the two prisms, A B, A C ; objects are magnified by look- 
ing through the prisms. 

This instrument was made in Scotland by the writer of this 
Treatise, undpr the name of a Teirioscopef and also by Dr. 
Blair, before it was proposed or executed by Professor Amici 
of Modena. Dr. Blair's model is now before me, being com- 
posed of four prisms of plate glass with refracting angles of 
about 15°. It was presented to me two years ago by his son ; 
but as no account or it was ever published, Mr. Blair could not' 
determine the date of its construction. 

In constructing this instrument, the perfect equality of the 
-four prisms is not necessary. It will be sufficient if A B and 
D E are equal, and AC and £ F, as the color of the one 
prism can be made to correct that of the other by a change in 
Its position. For the same reason it is not necessaiy'that tb^ 
be all made of the same Mnd of gUsa, 
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Achromatic Opera Classes with Single Leiueg. 

(217.) M.d^Alembert has hm^ ago shown that an achromaAic 
telescope may be constructed with a sii^le otject glass and a 
eingle eye ^lass of difierent refractive wad dispersive powers. 
To efiect tus, the eye glass most be concave, and be made of 
glass of a much higher dispersive power than that of which 
the object glass is made; but the proposal was quite Utopian 
at the time it was suggested, as substances with a sufficient 
difference of dispersive power were not then known. Even 
now, the principle can be aj^ied only to opera glassea 

If we use an object glass of very low dispersive power, the 
refraction of the violet rays may be corrected by a concave 
eye leas ef a high dispersive power, as will be seen by the 
nllowing table. 



OlffctglHi l^tflmm tbtaUfUt 



Crown glass Flint glass 1} 

Water OU of cassia ft * 

Rock crystal flint glass S 

Rock crystal Oil of anisessed 3 

Crown glass Oil of cassia 3 

Rock c^rstal Oil of cassia 6 

Although all the rays are made to enter the eye parallel in 
these combinations, yet the correction of color is not satis- 
(hctory. ^ 

Mr, Barlow* t Achromatic Tdescope, 

(218b) In the vear 1813 I discovered the remarkable dis- 
persive power of sulphuret of carbon, having found that it 
^exceeds aU fluid bodies in refractive power, surpassing even 
flint glass, tc^az, and tourmaline ; and that in dispersive power 
it exceeds every fluid substance except oil of cassia, holdmg 
an intermediate place between pho^horus and balsam of tolu. 
* * * Although oil of cassia surpasses the sulphuret of car- 
bon in its power of dispersion, yet, &om the yellow color with 
which it is tinged, it is greatly inferior to the latter as an <m- 
tical fluid, unless in cases where a very thin concave lens is 
required. The extreme volatility of the sulphuret is undoubt- 
edly a disadvantage ; but as this volatility may be restrained, 
we have no hesitation in considering the itdf^taret of oarhon 
as a Jluid of great value in optiad researches^ and which 
may he of incalculable service in the construction of optical 
instruments,^^ This anticipation has been realised fay Mr. 

* On the Optical Propertiet of Salphnnt of Carbon, in EiiMmrgk TWm. 
vol. viii. p. S8S, Feb. 7. 1814. 
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Barlow, who has emplojred aulphuret of carhcm as a substitute 
for flint glass, in correcting the dispersion of the convex lens. 
It had been proposed, and the experiment even tried, to place 
the concave lens between the convex one and its focus, for the 
purpose of correcting the dispersion of the convex lens, with 
a lens of less diameter, but Mr. Barlow has the meht o£ hav- 
ing first carried this into e^ct 

The telescope which he has made on this principle, consists 
of a sitijgle object lens of plate ^lass, 7*6 inches in clear aper- 
ture, with a focal length of 78 mches. At the distance of 40 
inches from this lens was placed a concave lens of sulphuret 
of carbon, with a focal length of 50*8 inches, so that parallel 
mjrs foiling on the convex plate lens, and converging to its 
focus, would, when redacted by the fluid concavieuens, have 
their focus at the distance of 104 inches fsom the fluid lens, 
and 144 inches, or 12 feet, from the plate glass len& The 
fluid is contained between two meniscus cheeks, and a glass 
ring, so that the radius of the concave fluid lens is 144 inches 
towards the eye, and 56*4 towards the object len& The fluid 
is put in at a high temperature, and the contraction which it 
experiences in cooling is said to keep every thing perfectly 
tkfht No decomposition of the fluid has yet been observed. 
Tae great secondary spectrum which I found to exist in sul- 
phuret of carbon is approximately corrected by the distance of 
the fluid lens from the object glass; but we are persuaded that 
it is not free from secondary color. Mr. Coddington remarks, 
that the general course of an oblique pencil is bent outward 
by the fluid lens, and the violet rays more than the red, so as 
to produce indistinctness; but we are not aware that this 
defect was observed in the instrument The tube of the tele- 
scope is 11 feet, and the eyepieces one foot ** The telescope," 
says Mr. Barlow, *' bears a power of 700 on the closest double 
stars in South's and Herschel's catalogue, alliiough the field 
b not then so bright as I could desire. Yenus is beautifully 
white and well defined wkh a power of« 120, but shows some 
color with 380. Saturn, with the 120 power, is a very bril- 
liant object, the double rin^ and belts bemg well and satisfac- 
torily defined, and with the 360 power it is still very fine." 
Mr. Barlow remarks, also, that the telescope is not so com- 
petent to the opening of the close stars, as it is powerful in 
bringing to light the more minute luminous points. 

Achromatic Solar Telescopes with single Lenses, 

(219.) An achromatic telescope for viewing the sun or any 
highly luminous object may be constructed by using a single 

2 A 2 
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object gkm of plate glsn ; and 1^ making any one of the eye 
.ghnes out of a piece of glaaa wiiich transmits only honu^e 
neous light: or tlie same thing may be efl^ied by a pieee of 
plane glass <^ the same color; but this introduces *the errore 
of other two surfiuses. In such a construction it would he 
pF^mUe to ahsorb all the rays but the red ; and these are 
'various substances by which this may be readily efl^ted» The 
object glara of this telescqie^ though thus rendered monochio- 
matic, will still be liable to spherical aberration. But if the 
radii of the lens are properly adjusted, the excess of solar light 
will permit as to diminish the aperture, so as to render the 
Jpherical aberration almost imperceptible. Such a telescope, 
when made of a great length, would^ we are persuaded, be 
equal to aoy mstrument that has yet been directed to the sun. 
If we oottld obtain a solid or a nuid which would absorb aU 
the other rays of the dpectrum but the yeliaw, with as little 
loss as there is in red gkases, a telescope of the preceding 
construction would answer £nr day objects, and lor all the pur- 
poses of astronomy. If the art of giving lenses a hyperbolic 
foorm shall be brought to perfection, whidi we have no ^ubt 
will yet be done, the spherical aberration would disappear; 
and a tdeseope upon this principle would be the most perfect 
of all instruments. 

Even by using red light only, a great improvement might 
be eflfected in the comraon telescq>es for day objects and for 
astKnomioal pnrpoeea If the redtays, for example, form i^tii 
of white light, we i«ve only to increase the area of the aper* 
ture 10 times to make op completely for this defect of light 
The s^erical aberratioQ is, no doubt, greatly increased also : 
but if we consider that, when oompoiiid to the aberration of 
color, it is only as 1 tO/1200, we can afibrd to increase it in 
order to gain so great an advantage. Common telescopes, 
indeed, may be considerably improved by applying colored 
glasses, which absorb only the extreme rays or the spectrum, 
even though they do not produce an adiromatic or homoge- 
neous image. 

These observations are made for the benefit of those who 
cannot afbrd expensive instruments, but who may yet wish to 
devote themselves to astronomical observations, with the oidi- 
nary instmrnents which they may happen to possess. 

On the Improvement of imperfecUy achromatic Telescopes, 

(220.) There are many' achromatic telescopes of consider- 
able size, in which the flint lens either over corrects or under 
directs the colors of the crown gkus lens. ^ This d^ct may 
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be easily removed by altering slightly the curvature of one or 
other (x the lenses. Bat all achromatic telescopes whatever, 
when made of crown and flint glass, exhibit the secondary 
ixkttSi vie the wine-cohred and the green fringes. These 
colors are not very strong ; and in inany, if not in all cases, 
we may destroy them by absorption through classes that will 
not wmken greatly ike intensi^ of the light The glasses 
requisite for this purpdse must be found by actual experiment ; 
as the secondary tints, though generally of the colors we have 
mentioned, are variously oompraed, according to the nature of 
the glass of which the two lenses are made. 
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APPENDIX OF THE AUTHOR, 



TABLES or BEFKACnVE AUD mBKaStVE POWERS, &c. 
OF difFebent media. 



TABLE I- 



Bcatarntificial 
OetolMdnU .... 

NitoiteorM" 




A.™, 

Floor Bht 

8iil[^aneBcM.. 

Niiricscid 

Hurialicaeid .. 
AlEobol 



. 1-483 

:iS 

. 14H 
. UIO 
. WTO 



fluiii in BUBcnl* I-8!M lo . 1 

T3ihBM 1 

Stbm eipudsd lo ifanca ) j 



2Ub ^ dfl Befraclm Pontrtif Qam. 



Vnpor rf Bi^urM of j jflpiggo 

nnigeoegH 

Chlorins 



NiOiMHiuids . 
HrdiocjFwiic ■( ' 
MniauekcM 



l-OOUM 
I-O0De34 

I'Oaons 

1000678 

Kiooeee 

Med lordtagM . 1-000644 




i-axnaa 

lOODWi 



no 




00976 

Ctfuiaie 

Vmorwpar 

Oiygai, „. >...>. OgWg 

StuplMteoriMuyte •..«•«. 03829 

Salpbimai flcia CH 04455 

Nftnm^i 0449t 

Air • 

CutoDiefleid «. 

Awie 04734 

Chlprine 04813 

KitrooiOfSde 05038 

VhoHgeog 05188 

Memte 05385 

Otffaoojc Glide 05387 

Qnufz 05415 

Giafli 0^436 

MariaAcuad 05514 

Sulpbtuic add 06124 

CMcateooMtpu 06494 

Alum 0697D 

Borax 06716 




O'TinS 
O'KIS 

Flint L, 

. ^ _ ... 0«g| 

Snl|diiHHtgd InAigai ... 08419 

^^Sm^ "i^mw* rf J 06743 

A—iMiM <]-ooas 

Aloofaol ledified 1-0121 

CMBpimr l-SSol 

diTeoQ , 1-9G07 

Amber 1-3654 

Octohediite 1-3816 

SdiphoRt oT cnlxn ..... l-^SOO 
DiMiwnd ............... 1*4566 

SedgBT 16GG6 

Ambeigrii l-TOOO 

OilofaMH* 1-7634 

Solphnr 24000 

Hydragoi 30953 




NaL 
CReferred to tkam Psfe 73.) 

In order to oomrejr io the reader aome ideaof Ae variety of anpaaTe 
powen which exMtmaolkl and fluid bodiea, I have given the 
table, aeleeted fimn a mocfa laiger one, firanded onobaertatkinB 
Iiiuideinl811aiidl812.t 

The iint odimin contatna die diflferenoe of the indices of lefiaction 
ibr the extreme red and videt nyt, or the part of Ae whole refiactiaD 
to which the diaperrioa ia equal; and the aeoood ccdnmn cootaina the 
difpenive power. 

TaSie €f ike Diqtertke Powen of Bodiei. 

DHtoTXaMn* 
«r Ictaeika 

OQofcaasia ; 0139 0069 

Sulphur alter fiudoa 0-130 0149 

Phosphoraa 0128 0-156 

Bulpnuret of carbon ' 0-115 0077 

Balnam of Tolu O103 O065 

Boltamof Peru O093 O058 

* See Edinburgh Journal qf Science, No. XX. p. 306. 

t See my TVeaUee en Jineta PkUeeepkieal rnstmmentat p. 315. 
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i • ■ 

nb»nd«« DUtortadl6M 

"yy * orieftaetiOB 
pome. 1^ «ztRue Jimj*. 

fiarUdoeftiOoes 0085 " (kffSS * 

Oil of bitter almonds 0079 0O48 

OU of anisefleed 0<m 0O44 

Acetate of lead melted 0O69 6-040 

Balsam of Styiax 0067 0039 

Guaiacum 0O66 0O41 

Oiiof cumin 0065 0033 

Oiloftobacco 0O64 0O35 

Guraammoniac 0O63 0037 

Oil of Barbodoes tar 0062 0032 

OUof cloves 0O62 0O33 

Oil of sassafras 0-060 0032 

Roein' ..- 0O67 0032 

Oil of sweet fennel seeds ./ 0055 0O28 

Oil of spearmint 0054 0O26 

Rock»it 0O53 0089 

Caoutchouc 0O52 0O28 

Oil of pimento 0O52 0.020 

Flintglass ,0052 0026 

Oil of angelica 0O5J 0O25 

OUof thyme OOfiO 0O24 

on of caraway seeds 0O49 Oj024 

Flintglass 0O48 0029 

GmnUras 0O48 0028 

Oilofjuniper 0047 0O22 

Nitricacid 0.045 0019 

Canadahelsam 0O45 0021 

CaieputoU ...- 0O44 0021 

(Wof rhodium 0O44 0022 

Oilofpoppy 0O44 0O22 

Zircon, greatest re£ 0O44 0045' 

Muriaticaeid 0043 0O16 

Gumcopal 0O43 0024 

Nutoil 0043^ 0022 

Oil of turpentine ^... 0042 0O20 

Feldspar , 0042 0022 

Balsamcapivi 0O41 0021 

Amber 0O41 0O23 

Calcareous spar ^greatest 0040 0O27 

Oil of rape-seed 0O4« ' 0019 

Piamond 0038 0066 

OilOf olives * 0038 0O18 

Gummastic 0038 0028 

OUofrue.: O037 0016 

Beiyl 0O37 0O22 

Ether : 0O37 0012 

Selenite ; .0037 0O20 

Alum 0036 0017 

Castor oil .' 0O36 0018 

Crown glass, green ^ OC36 0000 

Gumamhic 0036^ 0018 

Water 0035 0O12 

Citric acid 0035 0019 

Gla^of Borax 0034 0018 



^9' 



M» 
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0€94 

Chiynlite 

OiuvfiiriMi 

Oy^wine 04W 

Glato of phiMphteat ^. 0031 

Ftattog^ O03B 

Salpfaiiiic add O031 

'Futuieacid OiOO 

Niife,le«tnC M80 

Bonx <r * OO90 

AlooiMn ...••...•••••..••••.••■••••••.. 4N)B9 

Snlnhate of btiyto 04189 

fiaekcmlal < 0006 

Rimz^aiior.eflle^ 0006 

Blue Mpphiae ..0406 

HaUitoiMK 0€e5 

Chiyioberyl 0025 

Bhw topaz * « I... 04M 

8iil|iMteofiinftitia.... 0004 

^naaicafcid 0087 

ftooripar OOtt 

Cffolite **-. 




0018 
0018 
0<n7 
OOIT 
0014 
0016 
00Q9 
0014 
0011 
0011 
0014 
0014 
0081 
0016 
0019 
0016 
0016 
OO08 
OOIO 
0007 



Na n. 

(lefeiTed to from Paga 73.) 

Ilka Mkywing talde oontoiiii the reiidtB of KTenl eraariB^^ 
ImadeindieiaanaerdaambadiQppi. 73,73. TW bodiaa at the top of 
the taUa have the least action upon |[reen tidit,aiid tfaeioat the bottom 
of it the greateat The relatiTe poatkm of some of the aalaiaiicea ia 
empbie^; but, br lefeiring to the oilgiiial experimenis in my TVeofiae 
OR Nem PkUotepmcal hutrumenU, n. 354^ it wiU be aeen whether or 
not the Tetetive aelian of any two oodiet apon green lii^ baa been 
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OHi 09 CASSIA. 

Solpfadr. 

Solphtiret of caibbn. 

Briaamof TohL 

OQ of bitter ahnoddsb 

Ob ^aniaeseed. 

Oil of cumin. 

Oaefnanfiaa. 

03^ of sweet ftnoel aeedk 

Oil oTcloyea. 

Ganada bakain. 

Oil of' torpentiM. 

OHoTpoppy. 



IJbe 



Oil 

oa 

Oil of nntaMg. 
Oilef p ep p em in t. 
Oflof caalar. 
OnmcooaL 
Diafnona. 
Nifrateof poCnh. 
Nut oil 

•Baham <^ eapiTL 
Oilof fhodium. 

FUNT GLASS. 
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Oilof oliTei. 
Calcaraooi ipar. 
Rocktdt 
Gmnimiiper. 
Oilof almondf. 
Cbowit olabs. 
Gum arable. 
AUxML 
Etli6r. 

Glanof bona. 
Selenite. 
BeiyL 



Topas. 
Fluor ipar. 
Cifiric acid. 
AeeticackU 



MarurticackL 

Nitric acid. 

BockctyataL 

Ice. 

Watkb. 

FlHMphoKyui add. 

ScifHUBIO AOIIX 



Na m. 

(Reftrrod to tmn Pag9 80.) 
TBMeqfA»Jbidiee»ifRrfraaUm<faeveralQkute$a^ 



"tSdt* 


laaMt«radtactforliraMan«»B^1at]MapwlnaMflMi 1 


On?. 


B 
Badnf. 





D 

OSHIg*. 


fhVMk 


r 


o 
ladlge^ 


H 
TioM. 


Water • • > 


1-000 


l-OOOBK 


I-9B171S 


l-8S»7f 


I'OasoBi 


1-SS78I8 


l-04ia80 


1-944117 


fchrtloBof 
MMh ; 


14M 


l-aSBOBB 


1-400B16 


yiOtKB 


1*406888 


1*408088 


1-418670 


1*410808 


oaoTT^v-Y 

pMtlM \ 


0>886 


WT0M8 


i-msao 


1*474434 


i*«rBtea 


1^481788 


t-48BI8e 


1*400874 


CiowaQlaM 


MBS 


i*flKe» 


i-smtn 


l-OBSn 


l-S8Bd86 


1480068 


1-6410B7 


1-640608 


CrowmOlaai 


vm 


t'6Mn4 


usam 


I'sann 


l-6ai60 


1-600741 


l<610686 


l*07M7b 


fflfartOlMi 


I1S8 


■•ORTtf 


i-mm 


i-ntm 


I-6MB4 


1'6480BB 


t'OOOOBS 


1*071088 


ItiilOlui 


Mia|l'«OBi^ 


I'toun 


f60Btt4 


i'ii4aaB 


1-080018 


i-OMms 


I-0«OBa 
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(Beftrred to from vticle W-J 

If the remark of Mr. HerKhel be admitted, the conseqneiice may be 
drawn in relation to aU die simple gases, except oxygen, that their ab* 
solute refractive powers will be expressed by the square of the index 
of refraction, diminished i^ unity: for in them, the specific gravity is 
' direcdy proportional to the weight of the atom. Tne same remark 
applies to the vapors of simple bmlies, and to many compound gases. 

If the specific gravi^, and weight of the atom, of hydrogen Sd called 
unity, the specific gravity of nitroffen^ chlorine, &c will be expteeaeA 
by the weight of tfi^ atom of each : hence the square of the index of 
refraction oiminished by unity, will be, by the processdirected in article 
32, multiplied and divided by the same quantity. 

The infianunable substance hydrogen, instead of presenting a high 
intrinsic refrnctive power, would occmiy a low place on the sctue, whOe 
chlorine would rank high upon it. This consequence was observed by 
Mr. Herschel himself 

Nan. 

(Bef^rred to from article 6S, page 87.) ' 

This remark in relation to the absorptive power of water, though true 
ibr moderate thicknesses, in relation to the colored rays of the speo- 
tram, appears, by a recent discovery of Signor Melloni, not to be true 
in regard to the heating rays. An account of the intere^ing experi- 
ments which have establislied this &ct» will be more in place, in 
connexion with the article which treats of the heating power of me 
spectrum. 

No. in. 

(Referred to from article 66, page 70.) 

This interesting analysis of the solar spectrum, by Sir David BrevnUer, 
will, probably, have its value to the rrader increased by a brief state- 
ment of tfie experiments fiiom which the resulti^ given in pt^es 69 and 
70, were deduced. The matter of this note is taken from a paper, by 
Sir David Brewster, in the Edinburgh Journal of Science ibr October, 
1831.* 

1. The first position is that, " redy yeUoWy and Hue light exist at every 
point of the solar spectrum." The eye gives evidence of the existence 
of red light, in the red, mange, and violet spaces, which, together, con- 
stitute more than half the length of the spectrum. If the blue and 

* Aad JSiiMkwgk 7Vwi«. Vol. XII. Part. L 
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iiidig»i|»O0ibetnnmitfied ammi^ olive oil, die light beoomee ofm 
Tiolet tint, l eiid er i ii g erident die red, u t evkw iy elistiiig in die bloe 
■od indi^ by wimonmg mys vhich Bed neotnuaed iL in the yelknr 
and green qaoee the exirtenoe of red ii proved by ihowing diet white 
l%ht may be detected in them. 

Yettom licfat ■ w »cog n i»Bd by die eye in ndier more dun one-fifih 
of the lengm of the speetram, nemely in the omnge, yellow, and green 
speceiL It may be proved to be neeent in die blue and indigo epacea 
1^ naay expeiimema, amcng wnich is the one afaready described, in 
whidi a violet tint ia developed, by paianng the spaces throng olive 
oil : the tint absorbed by the oil cannot be red, beorase vide^ reddadi 
bine, is mtide to appear oy the trsnamisnaii; it camoC be bloe, fbr blue 
taken fiom Mne wiD not leave violet; it is, then, yellow, which mixed 
wndi the red and Une had fi>mied white lif^ at this nit of die tpei^ 
tmm. Farther, the qiectrum examined tfaroiig^ adeep oAue |^asB,nows 
green in the bine srace, and throt^jb a traoBparent wafer of gelatine, 
produces a whitidli rand in the same space. Yellow is shown to exist 
m die red soace by examining it dirougfa aprism of port veine, the re- 
fiacting an^ of vniich is 90°, and the whole of the red space amomes 
ayellowiih tint by the absorption of the bloe rays, by certain thicknesses 
ot pitdi, balsam m Tern, &c. In the violet space, owing to the extreme 
lacilii^ with which that color is absorbed, and the extreme fiuntoesi of 
the rays, yellow light has not yet be^i detected. 

Blue Usht » perceptible to the e^ e throogb more dian two-lhirdi of 
the length of the spectmm, that ir m the green, Uue, indigo, and violcC 
spaces. The abeonpdve ^wen of pitch, babam of Pent Sic^ Aow 
(preen light extending considerably within the red space ; and die blo^ 
IS ftrther proved to be spread throo^ioat diat space fav the yellow tinge 
vrhicfa it assmnes, when viewed through the media already alluded to; 
a tint which could only result fiom the absorptioii of blue rays., 

2. White li^t exirli, at every point of the spectrum, and may be in- 
sulated by absorbing the excess ci the colored rays at any point 

Bj 9 particidar diicknesB of small-blue glaa, the yellow space, die 
brig^testof die spectrum, beixiraesareienish whiter and, with a diflerdit 
Une, reddish white. A mixtiire oTred ink and solpliate of co|mer re- 
duces the yellow space to nearly a white, the tint being slig^ify red 
when the mk is in excess, and green when there is too nrndi of the 
solution of sulphate of copper. By particular methods, not described. 
Sir David Brewster states that he has sncceeded in *~"t«*i"g whita 
light in both the orange and green spaces. 

Tlie curious pr ope rty posMssed by this white liffht of not being de- 
composable by refiactioo, is a poweifiil support of the new theoiy of 
the spectrum. 

By a princiole of absonition api^ed to the heati^ rays of the solar 
spectrum, ana which will be described in a sabsequent note, the exiat- 
ence of a spectrum of brating rays, exceeding in length the three colored 
spectra, is pmved^ bringing a new analogy to bear upon this qneation. 

NalV. 
(Referred to fW>m article 71,' page 81.) 

Comparative experimenti on the heat in difierent parta of the solar 
apeotmm, require the most delicate instrument^. Hie new branch of 
science, themMMnagnetisni, (umished Signor Melloni with a much nioi« 
aenstble means of meaaiiiiBg tempemtore dian die oommon thermna- 
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eter, nuMlv. V ^ ■■■■SiM^ cunenB <leT<ila|i«db7baid,inabalteiy 
raim|«ed M bin of bumntb and ■ntmion]'. 

Bf (he tid of Ihii iuMnmienti be Ibnnd Ihal the heat t/xixafaBpng 
Ihe Tk4et apiM of the iiMctrum. fiom a crawn glan priBn, ira< not at ul 
abtorbed l^ pore tnler. while b miBll pratiaa oT the heat in tbe indigo 
Wna abiorbed, a greoler pDrtion Ht that in tlia Mae, and ao on through 
the adored qncea and intn the iniinUa itrating nyi berraid lbs qieo- 
mm, tbe emcow nja of which were entjielf diiHbed. 

The relative demaof heal in die apecmun tbnned by a crown 
glan primi, whidi, nowever, it moat be teccdlecled, bn abaoibsd ihe 
lay* unequallr, if reprcaenled by (be annexed diagram, in which llks 



oidinatet, S«,!>i, iCioTlhe amercam Te|)reaent,neaHy. iheiclaliva 
Mnperalom ; die lengthaof the ofllinstes, and of coone Ihe ralaciva 
degrees ofheal, being eK]ve«ed by Ihe luunbete wriOea above ihem: LhuB 
Ihe amount of healin the middle of Liie ipace v, (he virJel Bpace, compared 
with that in Ihe middle aC Ihe Uvt ipace A. ie u 2 to 9 j with Ihe middle 
efthemjipace r,H2 toSS. The poinls merited 29. 13. <Sic beyond ihe 
colored ipace r. correspoitd to Ihe bojHls, in the <pecliuiD, having, re- 
■pectiveW, the nme temperature* as the middle of the yetlow, of tbe 
green, of the blue, &t. By pinng the ■pecimm tbrough a thicknesB 
of le« Iban a twelAh of an mch of water.' coniained between pislei 
uf ibin glaaa wilh panIM aui&cea and &«e flom defecu. tbe heatiDg 
powaii of the aernal t^ hecame ■■ npreaealed in Uie lower curve ; 
none of Ihe heat accompanying the violet myi having been abeorbed, 
a linle of that accompaigFinE uie tdne, and ao on increasing aa the te- 
finngibility diminiriied, mitil in ihe hand, 3, 0. having the tame lent' 
peralure m the violet, all the beating nyt weie abaorbed. DiBerent 
media itopped tbe beating mm in difierent degrees, those of higher 
refiactive powen peimiuing them lo pas m6re readily Ihim thoee of 
lower powen. 

Aldiough this sabjecl cannot be considered as fhlly developed, we 
are aUe lo undemand by it, why Seebeck fouitd the point of grcaleat 
heat to vary, according to the material pf the priem used to form the 
apefirum. t«uig in tbe red wben a prism of cruvcn glaa was used, and 
in Ihe yellow wben water was the refiacling tnalenal. Melloni Ibund 
the greatesl heal in the oron^ after passing Ihe spectrum formed by 
the cTDwn glaiB {msm rtirougb water, as appean by the diagram, m 
which the grealesi heat in Ihe red and yellow an 30, and in tbe orange 
is SI. Seebeck iound the point of grealest beat in Ihe yelloiv.nhen the 
pnam eonlained water ; a aufficiraitly near coincidence wilh die ob- 
servation of Melloni. if we consider that in dke eiperimenis of Seebe<^ 
Ihe rays vrere eipoaHl lo riMOrplJon by the glam fijrming the hollow 
prim in which Ihe water was anUuned, and in Ihose of Signor 
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MeUooi to the abiorption by the erown glni prinn. ikut, and dtea 19 
that by two pfates of gkuB and the -water coDtaJned between thenk 

The power of trannnitting the heating my» without abaorption 
being greater m die refiactive power is greater, according to the law 
before refenred to, we thould expect that m flint glas the (preatest heot 
wouM lie fiirthest ihim the violet end of the Bpectrum; in plate and 
crown gUMf dwt it Aoold be at a ien diilance iram that end ; in nil- 
phuric acid and oil of torpentine still k«; in alcohol and water ycut 
nearer tt> the violet end : and these deductions we find, by consulting 
die table'on page 82, to be omrect. Minute diflferences, which could not 
be detected by the instruments used by Seebeck and odien, in the poinip 
of neatest h^ as given by that table, will probably hereafter appear. 

The experiments discussed in this note authorize the addition of a 
Ibqrth spectrum to the three colored spectra renrasented in fg., 51^ 
namely, 4 heating spectrum containing rays whicn ars less refiangible 
Uian tne extreme red rays of the spectrum. 



No. V. 

(Beferred to from page 116.) 

The unduUtory hypothesis represents in so simple a manner the phe- 
nomena to which Dr.Toung applied his principle of interference, that 
I have been induced to refer to it here, with a view to a general expla- 
nation of the hypothesis. The reader will be better satined if he take 
up the subject, as briefly referred to in the 84th article of the text, be- 
fore entering upon the account to be given in this note. As statcil in 
that article, me hypothesis of undulations supposes all space, the planet- 
ary spaces as weU as the interstices between the particles of fwdies, 
to be occupied l^ an elastic medium, or ether, which is jnit in a state 
of vibratory motion by luminous bodies, and in which impulses are 
propagated accordmg to the same mechanical lawis, as the impulses 
which, communicated to air, produce sound. 

If we suppose a luminous point surrounded by this elastic medium, 
the particles immediately about the point have a vibrntwy motion im- 
pressed upon them, or a motion to and fro ; this they communicate to 
the adjacent particles, and thus a wave is ibnned, which sfNeads aboM 
the pomt as a centre, just as the waves formed by a stone, thrown into 
still water, spread around the point at which the stone struck the sur- 
jGice. As these waves would communicate to a floating body which they 
might meet, an impulse in a direction radiating from the point 'v^ere 
they orij^nated, so luminous waves striking the retina, give the sensa- 
tion of light in a similar direction. 

In the aimexed diagram, let A B, No. 1, represent tme of the directions 
in which the impulse given by a luminom body, is propagated; we shall 
find, according to the hjrpothesis, along that line particles of the elastic 
medium, or emer, having all rates of motion, finm rest, or when die mo- 
tion is iiotfiing, to the greatest rapidity of the vibration ; and in the two 
opposite directions, from A towardi B, and fiom B towards A. For example, 
let the particles at A, D, and C, be at rest, then if fiom A to D 'we nnd 
particles moving towards B, their velocities, or rates of motion, will be 
found increasuig between A and of, mid-wmr from A to D, and then de- 
creasing between a' and D; between D and C ttie vibration will be in the 
contrary direction, namely, from B towards A; and the velocitiea aft^ 
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btenanofioVt will dinunkih toC. The distance between A and C include* 
Ail v^octdeB froBmodiing to the greatest, and in the twQOf^Kwite dliee- 
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tiopi A BjEind B A ; the same would be true of C B» if made equal to AC: 
this distance A C, or C B, is called the length of a wave, and it is this whic^ 
in red light is 256 ten millionths, and in violet light 174 ten milIionths» 
of an inch (see page 119, text) To represent to the eVe the velocitiea 
6f the di^rent particles of ether between A and D, tne curve A a D 
is-described, in which ihe ordinates, or lines in the same directi<m as 
^Ot represent these velocities, as, for example, o'a the velocity at <^; 
the particles between D and C vibrating in a contmty direction, the 
curve DbCt representing their velocities, is traced on the side of the 
line A B onpoeite to A au. In the same way the velocities between C 
«nd E, ana oetween E and B, are shown by similar curves, on opposite 
aides of A B Let No. 2. represent a system i>f waves m which the 
lengths M P and P O are equal to A D and D C, and let the motion 
between M and P coincide in direction with that between A and D, the 
curves bf velocities M m P and A at) comciding, and the motion be* 
tween P and O wi& that between D and C; the curves Pp C and D£ C 
coinciding; then it is plain that the motion of the particles between OQ, 
C E, and Q N, £ B, &c. will be the same, or that the undulationB will 
coincide thioughout; one unduladon will, therefore, add to the e^t 
of the other, imd the li^t will be the united 1km produced by the 
two undulations. The same will be true whether the point M coincides 
with A, with C, or with B, Ac* ; that is, whether the lengths of the pathSi 
of the two njm A Bond MN are exactly equal, or differ by one, two, or 
more undulatitNis. If the rajrs, instead of moving in the same direction, 
meet wider a nnall angle, the remarks will stm apply ; and the first 
Msult, stated on page 115, text, is in accordance with the hypothesis, 
under eonsideration, namely, that bright spots, illuminated by the sura 
of Ihe two lights,- will be Ktfmed when the differences in the lengths 
of ^the paths of the rays; are d, (AC,) %d, (A B,) 3(2, &c. 

Next let the curves described in No. 3 represent the velocities in 
Another system of unduiodons, S V and V U being equal to A D and BC 
in No. 1, the particles of the ether between S and V, as shown by fho 
cmrve, being in a sfftte of vibfatioQ from T towards. S, those between V 
and Ufiom 9 towards T, and so on. If the ray S T in Na 3 were brouj^ 
to coincide with A B in No. 1, the point S being placed at A, tho 
ftflielM between S and V in No» ^ moving in opppsitc directions Upm 
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those between A andD, and tfaofle between V and U in opposite diree* 
tions fitMU those between D and jC, and their velocities being suppoMd 
equal, dieir motions would desnx^ each other, and the wave would be 
destroyed, or darkness would result. Thepath ST diSen from A B fav 
the distance S V, or half an undulation. The same would be the result 
if Na 3 began one undulation to the left hand of S, or two or more un- 
dulations, that is if the path S T, No. 3, differed from A B, No. 1, by one 
and a half^ two and a half, &c. undulations. As the same consequences 
would follow, if the rays S T and A B met under a small angle, we infer 
(paffe 115, text) that when the difierence in the lengths of the paths, 
cnTthe two pencils of rays, ia^d (AD)Ahd{A £), 2^(2, &c., ** instead of 
adding to one anger's intensity, they aestroy each other and produce 
a dark spot** 

NaVL 

(Referred to from page 130.) 

Professor Hare has observed, in relation to the translucency of void 
leaf; — *'Go1d leaf transmits a greenish light, but it is questionable, 
if it be truly translucent. Placed on glass, and viewed by transmitted 
light, it appears like a retina. It is erroneously spoken of as a ccmtinuobs 
superficies.** The nature of the process by which gold is reduced lo 
leaves, strengthens this conclusion. 

On examining gold leaf by the solar microscope, I find in it innumer* 
able rents, and also various ^radatior» of thickness ; the rents have 
their edges colored; a blue fringe appearing on one side, and a reddish 
brown on the opposite side; the thickest parts. transniit no light, and 
through the very thin parts adelicate^ecnlight is transmitted. The 
surfiice thus exhibited is very beautiful. The rents are visible to the 
naked eye, when the leaf is very strongly. illuminated. 

No.va 

(Referred to f^om page 237.y 

The following claBsification of colored bodies is alluded to in tiie text, 
as given 1^ Sir David Brewster, in the lifeof Newton. The colors of 
each of the classes require, in his view, to be explained upon different 
principles. 

1. "Transparent colored fluids, transparent colored gems, transparent 
colored glasses, colored powders, and the colon of the leaves and fk>wen 
of plants." 

The colors of these bodies are derived from the absorption of particu- 
lar coloreil rays: thus, water at great depths appears red by transmitted 
light, owing to the absorption of the blue and yellow rays which with 
the red constituted white light ; certain thicknesses of smalt-blue glass 
appear intensely blue by transmitted light, while at greater thicknesses 
the glass appears red. In the case of opaque and colored- bodies, as in 
the leaves of plants, we are to suppose certain rays to be absorbed by 
the indefinitely thin film through which the rays reflected from any 
surface may be supposed to pass, the complementary tint being reflected; 
as all the incident lighfis not reflected, the transmitted tint will be com- 
plementary to the colors absorbed, and thus the body will appear of the 
same color by bolh reflected and tr^^nsmitted light Colored powders 
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wonM Mem not alwtya to beloog to din daair, nnee many of diMa 
change their hnee with a change in the aixe of the paitidea. 

2. **OiidalioiM<nmeU]a,ooloi*0f Lafandorfekfa|)ar,^ 
and hydiophanoui opal and other. <^paleyMPce% the cdoBi of the feat hew 
of biiQs, of die wings of insects, and of me soiles of firiies." 
' tb ihese Ito'Newtoniah theory % stMcthr applidahle. 

& «;)9aperfieial ooloti^ as tttobe ofmotter^-pea^ trpd sjtnaM aap> 

cryatali having doahle le- 



% ''Opaleaoenoes and oobm in eooii 
llabtion*^ ' •'^^- 
'' t^ ''Ciplon fion die absoradon of eommoii aod polanxed lithli ^ 
dotiWy re^aclSte fciyitak* ^ ' r < '^ 

6. ^Cbloi* at lie SuHhbea of nedii of.diflivei|t diflpeinTe mwen.** 

7. «Coknii at the sm&cea nf ihedift in Which diie MeiteAg fttma 
e<lend 10 diaet^Atdiitancea,oir follow diftfemutr^'' ' * 



Na yiO. 

(Be«)Rei toftom page tSL) 

ThepbihMQpltfetoyeaUfdbf il9inyei|toi^I>r.|VM. ., , . 

«r woMertomer, Uluatmraa totx W(M^ the IM ^ d^ dqiaiiQ^ 
impressions on the retina. 

Obimw ffded'dMCMd, M9v^feq|e4l»4ie4MgiW!^i9d9nfma 
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dmger of eftch ^^aodf t^e chanoteci^ ftpjieart in the ^t of driVinqg' die 
cfaainot, as in die iigure. It Quires but litde skill to f^h to the card, 
^ncdy Hie modon, which shall perfecdy nifite the two c^n^cm on die 
opfMsite sides into one picture, and yet nM irender it cadroed W th^ 
apidity of the toniing. ^ua anmsing iQn^tir^tions acoompotiy th^tty ; 
fer example, Haneciam and Coliimhpe ate ]^ted Upon opposite sfdes, 
and by a turn of the card are seen to }om ih a dance:' royalty, sfripjped 
of its robes, occupiei one side of die <^ard, Imd the robes die opposite, 
the robes are donned by a torn : a potter se&ted at his wheel moulding 
the unlormed clay, ipccapies one side of the card, and an um is erasped 
by an arm on the reverse; on turning, die ufn apj^eari gtaspjaq 1!)y the 
poller's aim« the ftot of the vase being yet unfinished. 
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Na DC. 

(Referred to ftom page 961.) 

Referring to his new analysb of the solar specCmm, Sir David Brevn- 
ter advances the following hypothesis to account for certain of ibe 
cases just detailed.* 

**By means of this analysis we are now able to eiqdain die i^e- 
nomenon observed by those who are insensible to paratular colons 
(Edin. Joom. Sc. No. aIX. old series. Na IX* new series.) The eyes 
of such perBCHis are blind to red liffht ; and when we abstract all the 
red lays fiom a npectrqm constituted as alreadyt described, there will be 
left two col(na, uue and vellow, the only colors which are recognized by 
those who have this defect of vision. To such eves, light is always 
seen in the red space ; but this arises frcHn the eye being sensible to the 
yeBow and blue rays, which are mixed with &e red light. 

Hoice blue light will be seen in the place of the viaetf and a greenish 
ydlow will appear in the orange and red spaces, or, wfaj^ is ue same 
thing, the spe«^mm will consist cnly of the yellow and the blue spectra. 
The physiological fact, and the optical principle, are therefore in perfect 
acooRbmce; and while the latter gives a precise explanatian of the 
finrner, the former yields to tbe latter a new and an uneipected sup- 
port" 

The details of the cases relisned to^ fvHHy sustain this conclusion. 
There are other circumstances connected with them, and with othen 
described in the text, page 260, not unwmthy of notice. 

In the second of the cases described in the Journal of Science, No. 
XIX, although the individual never failed to detdct a full Uue or a 
full yellow, he seems to have had very imperfect ideas of those colors 
when ixesented in a state of mixture ; green, as such, he did not know, 
and wnen blue was diluted with yellow, fiwniing what to a good eye 
would appear yellowish green, the Uue tint escaped him, and the mix- 
ture appeared yellow, ut like manner, his discrimination of yellow, 
when mixed Mih blue, was very defective; he called grass, green 
yellow, and jret yeUoujisk green appeared to be <*yeHow with a good 
deal of blue in it" This remark may serve to explain why the same 
white seen at different times, appeared to him to vaW in its tint, at one 
time being white, at another ** white with a dash of^yellow and blue,*' 
at another ** white with yellow and blue in if When re<juested to 
arrange colon so as to produce the strongest odntnistB, he divided them 
into two classes; to one Of which he gave the name of Utte, and to the 
other ydlow* In these omtrBstB he invariably placed v.-hite among the 
blues, and was never perplexed, as in the meoeain^ examinations, when 
tasking himself as to the precise shades. That white should be classed 
by him as blue, appears consistent with the other observatians, for 
being blind to red fifht the tint of white should be that which appens 
when red is removed fiom the spectrum or a bluish green, which tint 
he saw as a Uue. 

In examining other cases we shall find reason to be satisfied that thia 
blindneas extends to light of other colors than red, and that in those 
■cases also there is a want of discrimination between shades in mixtures 
of ^e colors to which the eye is sensible. The Plymouth tailw, whose 

* Edinburgh Tnns. Vol. XII. Part. I., or JBdia. Jeumalt^ &m»m. No. X 
new leries. 
t See text, p. 09. 
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ii deicribed hv Mr. Hurey (see paf^ 260^ text), teemi notlo haye 

been entirely blind to red l%h( and to nave been in a measure blind 
Id blue; thus the Drismatic spectrum appeared to consist entirely of 
fdlow, and light tUe ; the red, orange, and vellow spaces appearing 
as if red bad been withdrawn' fiom them, wnile the fbll blue, the in- 
digo and violet were hgkt blue, and dark blue and indko stoffi ap- 
peared to be ftJocft, and crimson was either Utie or UodL Adarkgreen 
ne regarded as ftrmon, by which, since he was blind to red li^t, he 
must bave meant a shade of Uaek, and light jgreen as orange, by 
which, ihr the reason just stated, he meant a variety of yellow. The 
blue in both these mixtures escaped his perception. * ' k ^ 

An extreme case seems to have occurred in the vision of Mr. Harris, 
of Allonby, who, according to the statement of Mr. Huddart, could 
only distuoffuish blade fiom whiie, or was entirely blind to cokni. 

K m mudi lo be desired, for the elucidatiaD of this curious subject, 
that more well examined cases were on record. The colon of the 
spectrum afiord rigid tests, not to be fimnd in coined stnft; and liy 
such tests only, tbe minntia of pecnliaritiw of vinoa «an be satisfro- 
torily detannined. j 
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ADVERTISEMENT. 



The object of the following Appendix is to place in 
the hands of the students of our Colleges^ a text-book . 
which will furnish them with some of the analytical 
methods of the most recent writers, upon the elements of 
Optics* .. ^ 

The work of Sir David Brewster is from the pen of a ' 
master, and presents, in a popular form, the results which 
have flowed from experimeht and from theory, applied to 
the investigation o^the different branches of Optics. The 
Appendix merely aims at supplying to the student the 
mode of determining the results given in the text, more 
particularly ih what relates to Reflexion and Refraction. . 

It may not be amiss tp dtate, that I do not present, to 
the notice of instructers, an untried course, but that most 
of the propositions in the following pages have entered 
into the mathematical portion of the course, taught - to 
the Senior Class of the University of Pennsylvania. 

The works in which the full development of these 
subjects may be found, and which have been consulted 
in the composition of the Appendix, are Coddington's 
Optics, Coddington on Reflexion and Refraction, Lloyd's 
Treatise on Light and Vision. The more advanced 
student will And the subject treated by the most general 
methods in HerschePs Treatise on Light. 

A.D.BACHE. 

Philabelphia, Jtlorcft, 1833. 
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REFLEXION- 



CHAP. I. 

HEFLEXION BY SPEMlCAh AND PLANE mRBORS* 

(L) In eoosideni^ the cases of reflexion fireni sphenoal or plane 
stirfaces, two divisions will be made: in the first, the axis of the 
incident pencil will be supposed perpendicular to ike sur&ce of the 
mirror, in the second, oblique to it; in ^ first case the pencil is 
termed direct^ in the second, tibiique, 

(3.) Prop. Ip 7b deUrmine the form giiM» Iffr^/kanm to m tmU 
direa pencU t^ %M procttding from « point in the axia qf « 
mirror. , 

Case 1. In Ji^, 8., p. 18 of the text, let A represent the radiant 
point oTa pencil of dvoerging rajs, F its fixsus, and C the motre 
of a eoneave mirror. Call A3 = u, FD = «, and CD =s r, Thtf 
anj^e of reflexion FMQ Vevag e<|ual to the angle of incidence 
AMC, the line CM bisects the vertical angle of the triangle AMF: 
whence (Legendre's Geom., Book III., Art 901., or £u(£d, VI. 3.) 

AC : AM^ :; FC I FM, cr 

AC _ FC ' 

AM FM 

The pencil beinjr, by supposition, very snial], the point M is very 
near to 1), faetioe Sa ue approx i mate value of AM we may faJco 
AD, and fi>r that cf JPK F2>. The eqcbttioa just finmd beoomei 

AC ^FC 

AD FB ' 

By the notation adopted above AC = AD — CD ss u — r, and 
lJY7s=2CD — JTOaasr — IT. We have tfaerelbre 



tt — r 
tt 

1— 1 = 

u 



r — t 



or 



1 , whence 

V 



* Throughout the Appendix, the itudent is supposed to be aoqnainted 
with the corresponding chapters in the body of the work. 
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10 CONCAVE KIBBOSS. AFPElVDiX. 

dividing by r and transpoeing 

= — W 

u V r 

(3.) Case 2. We next proceed to the ckse in which a converging 
pencil falls upon a concave mirror. Fig. 10., />. 20 of tiie text 

AM, AN rejvesenting the two extreme rays of the pencil, con- 
verging to A\ the imaginary radiant point, JIfF and NF are the 
reflected rays. The ramus CM therefore bisects the angle AMF^ 
the outward angle of* the triangle AMFy and (Euc. VL A.) 

AC FC 



AM FM 

hut fiir AM and FM we may substitute A'D and FD, their ap- 
proximate values, whence 

AC _ FC 

AD '^ Fd' f 

Using the notation beftx'e employed, AD ss tc, FD »= v, and 
DC s= r, whence AC s u 4. r, and FC s= r — »; these vahisa 
substituted in the equation just found give, 



« -I- r r — p 



or. 



fl V 



1 + — = ——1 and 
u V 

-^+^=-1 (b) 

(4.) Comparing equation (b) with ^) we find that it differs finm 

it only in the sign of — which is positive in (a) and negative in 

(b) ; both these caseff* may, therefore, be represented by the same 
equation, if we agree to give the positive sign to the distance of 
the radiant point for diverging rays, negative for converging rays ; 
that is, if we consider the distance («) positive, when the radiant 
point is in front of the mirrdr, negative when it is behind the 
mirror. 

I^ then, db tt represents the distance of the radiant point £rom the 
mirror, L. will denote the degree of divergency or oonvergency 

■ ~" ' 1 ; 

of the incident rays. In like manner, — will represent the coo. 

vwgency of the reflected rays. From equations (a) and (b) 

' 1 1_ ^ 2 

dt tt » r 
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where r IB a constant quantity; a 'result which may be thns ez- 
preflsed : the divergency (or eonvergeruy) of the intndent rayt to- 
gether vfith the eonvergency of the reflected ra^e is a eonetant 
quatiHtfif for ike eanie mirror. The curvature of the mirror is 

measured by — , the reciprocal of the radius, 
r 

(5.) Case 3. Diverging rays &Uing upon a convex vancft, ' Fig, 13., 
p. 21, text 

The line CJIf, bisects the outward angle of the triangle AMF, 

whence (£uc. VI. A.) 

AC FC ^ 
= , or s 

AM FM 

sobstitiiting their aj^roximate values for AM and FMt 

AC __ FC 

AD "^ FD' 
and by the notation adopted in the cases already considered, . 



tf 4- r r-^v 

1 
t 

o 

....(c) 



, whence 

tt V 

11 2 ' 



tt © r 

* Ouvcomparing this equation, in which we have made — ~ posi- 

tive as it corresponds to a real radiant, with (a), We perceive that 

1 2 

the signs of both* — and — are different From the figure we 

V r 

observe that v corresponds to an imaginary ftcus, and that the ra- 
dius is now behind the mirror. Equation (a) may, then, be used 
to represent this case if tlie sign of ihe radius be changed ; the re. 
suiting negative value of the rocal distance corresponoB to a fbcaa 
behind the mirror. 

(6.) Case 4. Converging rays falling upon a convex mirror. The 
formula for this case may be deduced fiom Jig. 12., if B JIf and 
BNhe made to repi^Bsent the incident, and MA, NA the lefleeled 
rays. We should luive by proceeding as in the last case, 

FC _ AC^ ^ 

FM"^ AM* 

FC AC 

FD "^ ad' 

and since FD ss «, F being the imaginary radiant point, and 
AD as V, il being the ftcos; FC = r — «, and iiCcs r -f. «, 
whence 
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_J. + -L=_JL (^ 

« « r 

Ae fint tmn beiiur ma)de nmtive fo oorrapond to the CMe of 
—i r wi g ui g nya. Thi* fivmw diflEen fion (c) la the lign ctf* 

z. , wfaidi was negative in (e), and in tiiat of _ . The figme 

• s 

shows that v in this latter case OQneBpoiids to a real fboam, wh3e 
in the tanoex — e denoted the distinffe to an imaginary feens. 

•n» d-Bge rf dgn ia i eooftn- to tta «««k. B-d. in 

article (4) 

(7.) Comparing the ftnr eyittions (a) (b) (c) and (d), we per- 
cwre ttatthe fcfiimla , 

» 4. I _ » m 

u V r 

may be made to indade &em all, by attributing to v, and r, respec> 
timy, the poaitiye sign when the radiant point or the centre is in 
fitmt of the mirror, the negative sign when either of these points 
is behind the mirror, and by considering the positive yalne of « as 
oorresponcting to a ftcus in fiont of the nunor^ its nq^aikive rwixm 
to one behind it 

(8L) We might have otmunenoed by giving fo the student this 
ooQYentipnal mods of considering die qnantitiea used in the an- 
alysis, and then have deduced the general equation by reference to 
asin^e diagram : we haveprdftir^ in the oc^set to show him that 
the variations in the algebraic signs are not arbitrary, bat required 
by the geometrical relations of the quantities. 

f^ram the firanik 

i + J- = -l (1) 

» o r 

wed0dDoef]|^ge]ienJrale,thatthesKin<sf As vcfgneias* ef fAe 

(9.) Having obtained an equation (1) expressing the relation be* 
tween the distonoes of the radiant point and fecus of a small pencil, 
by^ means of the radius of the mirror, we shall proceed to interpret 
it in its application to diflferent Idndf of mirr^ and under diffisrent 
drcnmstanoes of the incident pencO. 

*TUi c o nvenient tern, exfirening. as t&e ease mar be, eitiier divergeBor 
mmnflm^snefy is ynpeied a&4 «sM by UagA is feis toalias oxkI^^v aad 
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Prop. II. fh dtUrfaint ike form given to a 9nMfeneilrft0jfi (y 

reJUxicn from a plane mirror, 

S 
In the plane mirror the radius is infinite, or — s o , whttioe 

r 
fioni (1), 

The &CUS and radiant point are at equal <fistatidM fifMU the 
niiiMCt hot es ^^ipeflits Adas of JC« 

(10.) IfforaSel ziajs fall upon the minor ti » Qo,and«»-»Qp, 
or the reflected rays are paralteL This oonespondd to the tim 
xepreaented m fig, 4, p. 15, text 

<11^ If the za^ ihterge hefive rdSezioQ, the fiirmidii 

flhows that thej will be equally diyergent after seteioii; wd 

, that the fteus is as fiur behind ^e mimr «s tin radiant point is in 
fiontofit JF^. 5., p. 15, text 

' (13.) For wmeir^iig lays {Jig, $*• jk 1^ textO « takef the iMf»> 
tive 8igii| and (3) beocunes 

— — -f — ±±d p), whence, 

The sisn of « bein|r paatiin» the ftcns isveB^ ill ^staaice • w 
front gf the miifor is equal to the distance of the imaginary ra- 
diant point behind it 

(13.) Prop. IIL ReJUanwi of a $mdU pencQ ef light 6y a noneawe 
ntirnv* 

The ftrmula which applies to this case i% 

i- + -L = J. a). 

u V r 

By transposition 

2. — JL — JL = ^Lnr , or/ 

V r u ur * 

"-sr:::^' 

B 



CATB 

dK nrie ai pafe 19 <f iIk : 



witiTe duwithat the fiieni i> m findsT 
** tlt«t UiB Cu-i dMtuiee ii I— If Hi* 
2 

■kd in Jig. 7, p. IT, if tbi lEit, wIbv 

nji b called tfae juimifi ibciH. As it 
aiiKn ftr tbe Eid of otbcj nji, we daH 
■ ijiiilnl, /. FbCBg fti _ its nine 



1 Iw eonndered u llut ^ £»ugi» g n,jt. 
tbefenmilab 



/ 

Ai k«>{ u a > y^ or tbe punt J in fig. 8^ p> IT, b fiitbe* 

thtn dn principB] fbcos fiem D, we Yam _ -<-^ >i>d -^ 

1 " / / 

11 A [ontive qnanli^, « the lifi eooTerge after i«. 

flsnon. Knee ^ , we luTe _I_ «- _f_ , and 

V ^-^1 or the iocaa it &ither &oni the mirror than the principti 

If WB foppoee, beaides, that A ia beyoad the centre C, we have 

il>r, rod _i,<:J-, whence 1. L,or-l_-L>? 

,or>_,«nd — > -L , M < r, tbe Ibctl diatuice 

ii lew tbui the radim. 
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We infer, then, that rays diverging from a point beyond the 
centre of the mirror, ore reflected to a point between the principal 
fi)cu8 and the centre. 

As diminishes in value, — evidently must increase, or, 

as u increases, v diminishes, and vice versa : that is, as the radiant 
point recedes from the mirror the fiicus approaches it, and vice 
▼ersa. When the radiant point becomes infinitely distant, the rays 
are parallel, and their focus is the principal focus. 

We have seen that as long as the radiant point is farther from 
tiie mirror than its centre (t^it is, u > r)*the focus cannot coincide 
with that centre (or o < r) which it approaches. If u s= r, or the 
radiant point boincides ynih the centre, then 

= = s= — ,or, 

V f r r r r 

and the rays are reflected to the centre. 
Let ftkd radiant point now pass the centre iowards the principal 

focos, that is, let tt < r, and at the same time u > /, or — >- - 

tt r 

and _ ^ JL. • Since _ < JL , is still a positive 

» ^ / a / / tt 

quantity; the rays. are, therefore, istill brought. to a focus: but 

since -L > JL , J L or _Z L<_L, whence 

tt r / tt r tt r 

11 

Z. ^ _. and « > r ; that is, the focus lies beyond the centre. 

V r 
When the radiant pcnnt coincides with the principal focus tt »/ 

I. 1 1 -«^ 111 
whence, — = — — , and — = __ =o, orvs=ao 

tt / « / tt 

the rays are rendered parallel by reflexion, v 

If we su||R)6e the radiant point to approach still nearer to the 

1 1 11. 
mirror, so that u </, we have -j— > — -- , whence .— : is 

» / / tt 

negative; that is^ — has a negative sign, or the focus is 

t) 
imaginary, the rays diverging afbr reflexion. The divergency 
of the reflected rays is less than that of the incident rays^ 

for JL = _/J ^^4-^ , and 1 L< — , tiie di. 

t> \u f / tt / tt 

vergency before reflexion. 



16 



(16k) For Ae cue at ea m vugimg nju ftlfing^vpoaa 
(Xp 9^ pu 19, tat|} we iin£e, in fivmiib. (4% ■ nefitife ; 

111 /c. 

^ = -1 + -!-- 

» / » 

«nfc» MRBHilw oi tfas nM^nd ads flftUi 



bebf bolii podthe, — ii ahrayv pailife. Gonfopi^ nja 

• / 

s o « 

• / / » / 

flwftcoiof eoDfeininf isyv v nmcr the Hunor Hhh the 



iM<5>i» ' » 



S 



.«4 



]Mh|^ — , we Bave 

u 



» r « ' 



lHieii0B te talbe of v k 



igieeiiif with tM nfe on p. SO of fbt text 

(17.) Ptop. HL JZ^^Iexim of m tmaU pakS tf rm^ fty m 



In thw cue, ntlie ladiwof tlie iiunar»tak«ithe nofitVe oigii^ 
and eqnatioa (1) becomes 

±+± = -.± (6,.. 

* • r 

CUB,) For^araMf«yi(/sr.il^p.21,text,)— :^ o, wtoice 

13 f 

e r 2 

llie ibcea is b^iod the minor, and at the distaoee, £nam the 
vertex, of half the radius. 

If we call the principal focal distance f, the fbrmida for the re- 
tlaadtm by a amvex mirror becomes 

± + ± = -' (7). 

U V f 



--r-— »— F^-- 
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(19.) For diwrging rays {Jig, 12., p. 21,) we have ■ 

lind iherefbre is always negative ; such rays diverge after re- 

flexion, and since — -f — > — , or > -^ , their di- 

/ u u ^v u 

. vergency iti increased by the reflexion. 

^ (20.) Figure 12. will, as has abrcady been stated, represent the 
' case of conversing rays falling upoii a convex min'or, if we sup- 
pose BMf and iNU> represent tJhe incident rays, meeting in the 

imaginary radiant point F. To express this case analytically, u 
must be made negative, and the £)rmula is 

11 1 ,ON 

' — J- = -—.....(8), or, 

1 _ J 1^ 

V u f ' 

The position of the ^us, as shown by thia equation, passes 
through variations, corresponding to' those in the case of diverging 
rays ndling upon a concave mirror (Art 15.). 

' (21.) It is sometimes convenient to refer the distance of the ra- 
diant point and focus, to the centre of the mirror, instead of to the 
vertex. Formula (1) may be readily transformed into one which 
shall refer to the centre. 

Prop. IV. To determine the relation of the distance of the focus and 
radiant point, of a snuiU pencU of rays, from the centre of a 
mirror. 

By Jig, 8., p. 18, text, it appears that AD = AC + CD, and 
FD^^CD-^ CF. Calling AC = tt' and JPC '= «', CD, as be- 
'fore, = r, AD =s tt, and FD = « ; we have tt = tt' -f r, and 
» = r — v\ ' 

Substituting these values of tt and v in the equation 

j = — (1), it becomes 

u V r 

1 , 1 _ 2 

tt' ^ r r — V r 



tt' -f- r r — »' 

1 = 1- 



r — D* u' + r 

P2 
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^ to a oomiDGn denominalor the qnaiititiPB gn b^ 
of the equtioo, and redncing, we have, 



r — 1/ k' -f r 
r — 1/ ___ u' ^ r 

-7- — — r ^^ """" v^ 

(S9.) This equ a tion is the same in ibnn with the one feond 
when the dJatapces were estimated firom the TertBiiw eacqpt that 
the mga of «' is negative, the diitanflfw tf and tf' being now 
leckoned in opposite directions. 

Equation (9) might have been dednoed dirediy fitm the rektion 
ofthe lines am; Fif;iiC,CF,^. a, in the triangle AIICF. The 
sdntian of the question bj thai method, would £iTe been more 



<S8L) ff w» sobstitoto ibr A , in equation (9), its nJoe -_ , we 

r f 

have 

■ir--i-= 4- ao). 

From this equation, may be deduced the zelalian. expressed in 
the following proposition. ' 

(84.) Pitop. V. The di&Umee eftkeprindp&lfKW of a mumrfimn 
the centre^ i» m mean propntUmtU be&teen the ditttaneee if Me 
radiant point and focus if any tmaU pencH, from the fnneipal 
foef$e. 

Equation (10) gives, 

J_=±+_L=/±i^.or, 
v' f u' fu' 

1/ = ■•^ , whence^ 

/+ » 

f^f^:f::f:f-^u\ 

in which proportion /— t/ represents i^ (^g. 8., p. 18, text,) or 
CO — CF, and 11' 4. /, AO or ilC + CO, 

(25.) The subject (^reflexion at curved surfaces in general, will 
be treated briefly in a subsequent chapter. The properties of the 
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fDvfaoei fermed by the revoltition of the parabola and eQipee about 
their azeS) are readily understood, ftom very ample geometneal 
oonsiderationB, and gain nothing by being presented analytioUly* 
They will, however, 1^ referred to in another part of this Appendix* 

(26.) We pass next to the reflexion of a small Mi^e pencil by 
a spherical mirror, on which subject two ]»t>positions will be 
given ; in the first will be considered the case m which the axis 
of the pencil does not cross that of the mirror, and the pencil falls 
upon the mirror near to the vertex, and in the second, the case in 
which the' axis of the pencil crosses that of the minror* 

(37.) Prop. YI. A tmaUfencU having «to radiant point oiU of the 
axio of a mtrrDr, meeU <&€ ourface near the vertex^ required the 
form efthe r^Ueted peneiL 

Wig, A, 




Let LMN represent a section of the mirror, made by a plaM 
passing through the lines MR and JNfO, or through the axis (k th0 
pencil and the centre of the mirror. RL h an extreme ray of tfa« 
pencil incident very near to Jtf, LF is the oorrespooding reflected 
ray, meeting the reflected ray JlfF, which corresponds to the axitf 
of the pencU, in the point F. JP is the focus of the pencil LRNi 
in the plane of the secticm RMC» 

(38.) To determine the focus of rays which meet the mhror in 
a plane perpendicular to RMC; suppose a plane to pass thmogh 
RM at right angles to that of the figure, this plane will cut from 
the pencil, RLN, two rays, which reflected will meet the axis, MF^ 
of the reflected pencil, in the focus required. If, now, a pkne be 
passed throng one of the incident rays, just described, and the 
corresponding reflected ray, it will pass through the centre of the 
mirror; the fine RC^ joinm^ the radiant point and centre, will be, 
therefiire, its intersection vnth the plane RMC contakiin^ the axie 
of the incident and of the reflected pencil ; and the pomt, F\ in 
which RC produced meets JIfF, will be the point in whkh the sup* 
posed plane meets JtfF, that is, the fecus of the reflected peneiL 

The focus, of the reflected pencil, in any plane between RMC 

and the one at right angles to it,* will be found between F and F' 

^ 

*OoddinKtoo tenm the former of tiiese |iian«t tbe jrHtMnr plenty iim 
atter, the ««coiM(ary plane. 
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(29.) To defermioe, analyticafly, the poBitioD of the point Fi 
draw fiom the Tertex M, MX and MZ perpendiciilar, respectively; 
to RL and LF; abo from C, CP and CQ perpendicular, respec- 
tively, to RMand MP. Am the arc /Jf is Tery small, it may be oon- 
sidered a straig^ht line porpendicnlar to the radios CL ; whence the 
incidoit and reflected rays making equal angles with CL, also make 
equal angles with LM, and the triangles LMX and LMZ are 
similar. But they have the side LM common, hence they are equal, 
and JOT is equal to JH^: The two triangles CPJIfand CQM being 
also equal, CP is equal to CQ. And since CT and CS may be 
considered as perpendicular to RL and LP, they may be taken sb 
equal. WhencePr^QS: By the similar triangles iZP7aiidiUCE; 

RP I RM i. PT I MX; 

and by the similar triang^ FMZ and FQ/S, 

QSi MZ:: f^ : FM; 
whence, since P7 = QS; and MX = iH2; 

RP zRMii FQ: FM (e). 

Let RM^ u,MF=v,CM=:^r,uidibe angle RMC r= ^ . 
Then, 

iZP s= lUr~ JKP = iSM— CM . COB iZMC, or, 

RP = tt — r cos # ; and 
FQ = MQ^BiF=:MC . cos CMF ^ JCF, or, 

FQ = r. cos ^ — V. ' 

By substituting, in the proportion (e) above, for RP, and FQ^ 
the values just found, and for RM, and FM, u, and v, we have 

« — r. cos ^ : tt : : r. cos ^ — e : V, or, 

tt — r. cos r. cos — r. tx: -j- l 
_ . = 1 . Dividing by r, 

u V 

J. CO80 COS0 1 , 

r tt t> r 

008 008 _ 2 ,„ 

V u r 

whence, « 

ur 



2u 



cos 
(30.) To interpret equation (11) geometrically, we should ob- 
serve that the ratio of MX to RM, that is, ( ^^\ , measuies the 

\RM / 

divergency of the incident pencil LRK But in the triangle MXL, 
MX = ML . cos LMX, and smce the angles XMR and LMC 
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■ _ 

are nearly ni^t angles, LMX is nearly eqo^ to JRMC, or JOTs 
ML. oos ^. — therefore varies with ^^ , whid^ conae. 
quently measures the vergency of the incident rays. In filUi 
UMBiier, ^^Llttfproasestiievergeneyef the reflected pcneiL 

We laftr, then, fiom (11), that the nan sf <ftc vergeneieB s^tW 
ineident mnd re/UcUd ptnciiB ts a eomtoiit giiafifify^ 

If ^ s= 0, or the rays proceed firmn a point in t&s axi$^ Qos 
^ =5 JU and ftrmnU (11) becomes 

1.1 2 

agreeing with equation (1). 
If theraysare|MiraZ2eZ, fSz = o, and 

cos^_ 2 

— . — > wv 

» r 

« = -^ . eos ^ 

(31.) To find the positiim of the pomt F\ for the jtaw perpen^ 
dieuUr to RMC, we hsve, in the triangle RMC, 

MP i MR li sm MRC : sin MCB, or, 

QiBiDff te. u^e iiC^ Q^ whenoe MftC a ^ ^« 

r 5 » : 8ni(«— ^) : maB^ 

r sin (0 — ^) 



If siaO 

and, hy snbstitolfiig ftr sift (»— ^) its value, 

r si n^coB^ — coB0..Bin^ 

u sin B 

If JMF' be called t^iwe may deduce from the triangle CMF't 
by a method similar to that just used, 

r _ sin (0 -f. ^) 

t/ sin 

r sin a. 60s ^ -f oosft ainf 

v' Bin 9 

Adding together the yalues found for JL , and -^ , and r». 
ducing, we find, 

U V 
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_L + _L=?l£?L? 02). 

tt v' r 

Sinee S!Lf repfeKols tbe ^letgi^sacf of the incideiit nys, uid * 
» 

^!!L^*tfaat of the reflected rays, h ie evideot, fiom (12), that the 

if 
earn of theae quantities, fixr the incident and reflected rajR, in the 
aeomdaiy plane, ia not omstant fiir the same mirror, hot depends 
iqxm the angle, ^, of indination of the axis of the pendly to the 
axis of the mirror. 

(32.) Prop. YIL A small tUtUque peneQ ertmtes tke iuom htfmt 
meeting the mirror^ required the form ef ike reflected peadL 




In the fignre, 1? is the radiant point, RL the axis of a small 
pendl, of which one of the extreme rays is RN; MC is the ans 
of the mirror, which is cot by RL at the point D. JP is the focos 
of the reflected pencil in the plane RMC, F* (fijomd as in the 
last proposition) is the fixnis in the plane perpendicnlar to RMC. 
In tins proposition most be fbmid, besides the distances UP and 
LF\ tbe point y, at which LF cuts Ae axis, and the relation of the 
angle LYM. to the angle LDM, which latter an^^ is given. 

Call, as in article (29.), RL = u,LF^v, LF' :=t/,CL=:r; 
aIsoIetJfY=:«,MD = 6. 

Since CL biseciB the angle DLY, we have, 

YL : DL :: YC : DC, 

or, taking fin* YL and DL, the distances YM and DBi, which are • 
nearly equal to them, 

Klf : J!)3r :: rC : DC, that is, 

z I b :: r — z : h — r, or, 

r — z b — r 



or. 



J L=:J L Mid 

z r r b 



v + 



= — (13). 
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1 ^ 

b r 

An equation from wliich z may be determined^ 

The approximate value of the ancle LYM may be obtained by 
Boppoein^ that the tangents of LYM and LDM are to each other 
as the distances YM and DM, or, 



tan Y 
tani> 



YM 
DM 



The distances LF and LF* will be given, as before, by the 
equations 

f2!li+ ??!1= A (11), and 



J- 4- JL =s ^' <^^ 



(12). 



CHAP. n. 

FORMATION OF IMAGES BY REFLEXION. 

3d.) In discussing the subject of the formation of images by 
refleziop, the surftce of the mirror will be assumed to be spherical* 
and the most useful case will be solved ; namely, that- of a piano 
perpendicular to the axis of the mirror. The objects, at which 
images are to be formed by mirrors, when not plane, are generally 
of irregular forms, and the images can be found, only, by points. 

Prop. VIIL To determine ike image qf a pkine, perpendicuiar to 
the axis of a mirror. 

Ftf.C, 




In the figure, let MN be the intersection of the plane constituting 
the object, with a plane passing through the axis of the mirror. It is 
evident that if a small pencil of rays be supposed to proceed from 
each point of MN, and the several foci of the pencils be deter. 



■Pi 
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n 



mmed. Hie MKnUa^ of ffae puiiiti tins ftond will pro ue 
intake* Fram Jf and J^ dvuiigh C, the centre cf the biuivi, draw 
MB wad NA, die axes of t«ro peadb of imje from If and /i^ and 
iq«B wiiid^ ttMrefivv^ the fin of tbe penob wil be fiHB^ Lei 
thefiMBofllM peadUof winekMViallBanwbei^a- 
llfoiir fimer nolafian, (ait. SL)» JR? s < Ofe ss i^, bbI C9 
srr. Cdl OjB; die dieCanoe of the object from the ccffltnof At 
r, if; and dw angle JTCJB; •: tev WBae 



^%e guiuil Ml iimlii fir tfie friitiiw of the dMaatt of ns 
dant pMl, aad «f tte fieai^ ftott a* ccoin, «■% art. ^X 

an^ nibiiHiitiiig the Yafav of fd^ joit fiiond. 



ne polar cqoatiflB of a conic aectian, the fteoi bong Ae pdi^ 
Analft. Goom., Gbapu y •> 

t ■=. A • €r, 

1 4.e.caa«» 

1 1 c.cosw 



Tl« CfMlian wa be idemieal with (1^ if we 



1^ 

r 



11 1 « 1 .«j ii 



The ima^ of die line ONi*, diefcAre. a portion of a 
tum^ tfwkidk C, ike eemtre tfAe mhrrmr^ t$ «w wftkefteL 



(34) 8uice/=-iLa-«*) = ^(l-j5 = 5^,(Analyt. 

Oeom.) the WBniv|iaranietci' of die come aectiont and f ia nmiliiil^ 
it fiAm thai the ladini of cnrfatnre at the Tertex of the conie 
aection, wfaidi ia eqatl to die aenu-panmeter, is independent of 
the ^stance of the object from the centre of the minor. 

(3&.) We proceed to ftianrine the Taziadon in thff tgare of die 
conic aeetion jnat fimnd, when the dJatanre of the object from the 



"1 

First, let the object be inimitely distant Then, _ = o, and. 
f u = 0, that is, e ss 0, and the image is a portion of a 

'The radius of -the drde is )ialf that of the minor* 

As the obfeet k brought nearer tothe mirror^ d diaaniabea, or 
i increases; but» -^ = ■ ^ ^ and, since A (1— s«) «^ 

or is cMistant, e most vary as — , and, theiefi)re, inereases. As 

d 

11'* 1 

long as <2 >/, or — ^ < -t-* . ■ ■ j. » ^ n ■ ■ ■ u* > <ir <> 

^ If and the image is a portion of an eUip$e* 

When 4i^/, 0^1, and the enrre is > saiwfcsh. F(»r4</, 
e > 1, and the cnn^ becomes a branch of tJifptihala* 

If tf s sv «r the olyect passes through the centre of the minror, 

i. = 00 , and e is infinite, or the image is a ttraigki Itiw, coin- 
d 

dding with the objei^ 

When the object passes the centre, ttHwurds the udivor, d be. 
comes negatire, and tiie equation (14) changes, if we reckon fixim 

J,. )._-•.....<«, 

This equation gives a hyperboh while d </, a parabola when 
d ss/, an ellipse when d>f. 

Each of these cases presents canons circnmstanees. For ex. 
ample, in the iease, d </; if a pdnt be taken in the object, so thai 

«'ta=/, that ii,.i^=c:/» the eqoation for the fitcal distanee of 

oosa 

the pencil proceeding from that point, is 

_ «o, t^«oo; 

the image is infinitely remote ftom the mirror. If we snppese the 
object to be sufficiently extended to cot the mirror, tiie pomt com- 
mon to the object and mirror is its own image, and ftr tliat point 
tt' s= r, and v s r ; between the points ibr which v^ssr and v' «s> 
/, the distance Of the image has varied from r to infinity, and, 
therefore, that portion of the object which is between these Hmitis 
has a virtual image, tiie part of each bntneh of which, between 
if ssr and the vertex, is wantii^./ 
C 



MBFl 



^Ml-fkj^^f' 
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26 REPR ACTION AT A SURFACE. APPENDIX. 

The part of ^e object between u' = d and u' =s/, has its imago 
'l)eyond the centre; it is the braach of ahj^rbola conjugate to 
the first 

(36.) If the section of the object be an arc concentric with the 
mirror, u' is constant, and 

v' f ^ v! 

is.oonflMuit, or the image is also a circular arc concentric wUh the 
mirror. In this" case, the relative magnitudes of the object and 
im4||e are as their distances from the centre of the mirror. 

(37.) We hare considered a section of the object, of the image, 
and of the mirror, made by a plane passing through the axis of 
the mirror ; if these sections be supposed to revolve about the com- 
mon axi% the section of the object will generate a plane, and that 
of the mUTor, and of the image, sur&ces of revdution correspond- 
ing to the flections. 

(38.) The case of a convex mirror is eml^aced by conation (14% 

if r be made negatiTC 

2 
For the plane mirror, r as oo , and — «= o, whe&oe, 



1 cos 

and the image U similar to the object. 



(16). 



REFRACTION. 



CHAP. in. 

* * 

REFRACTION BT PRISMS AND LENSES. 

(39.) The most simple case of the refiraction of light, is that in 
which it takes place at a plane surfiice. The perpendicular being 
drawn, the refracted ray is connected with the incident, by the law 
(p.29,texti) that the sine of the angle of refi*action bears a constant 
ratio, tor a given medium, to the sine of the angle of incidence. 
To represent this law analytically, suppose a ray passing irom a 
rarer to a denser medium, call the angle of incidence ^, me angle 
of reflection 0', and let the sign of incidence be to that of refrac- 
tion, as m is to 1, when m will represent tlie index of refraction of 
the denser medium, that of the rarer medium being unity; we 
have 

sin : sin 0' : : m : 1, or, 

sin ^= m . sin 0' ..... (17). 
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When tiie ra^ passes iWnn a denser to a rarer nediom, f ' repr»* 
aents the angle of uicidenoe,^'CBil f that of refraction. 

If the angrles ^ and ^' be Yery smaU, they may be taken iuted 
of their sines, in which case, 

^ = fit . • 

(40.) The difference between the angles of incidence and refrac 
taon is termed the deviatum of the ray, for a single surface. When 
the angled are very small, we have, for the deviation, 

^ — ^' = m^' — ^' = (an — l>f, 

^-^' = ^!i=i-^ (18). 

m 

The deviation, therefore, when the angle of incidence is small, 
^)ears a constant ratid to that angle. 

(41.) Hie case of the total reflexion of a ray moving in a denser 
mediom, aai airiving at the separating snrfoce oi the denser and 
of a rarer medium, (pp. 34, 35, text), is comprehended in equa- 
tion (17). The ray. passing, from a denser to a rarer medimn, if ^' 
be tdcen to represent the anrle of incidence, and ^ tt^it of refrac- 
tion, m will remain greater, than miity, the angles being, as before, 
connected by the equation 

m.8in^' = sin^ (17). 

In this equation, since sin ^ can never exceed muty, m sin 0' 

cannot exceed unity, whence mn.^' cannot exceed , (in which 

m 

ease, m,Bm<p'=s 1,) or, the equation cannot be satis6ed if sin 0' 

> — . The ray then ceases to be refracted; it is wholly re- 
wis 

fleeted. « 

The angle, at which, light, passing throoffh a denser medium, 
aad- meeting the separating sor&ce of me denser and of a 
rarer medium, ceases to be refracted, is foond from the equation 

sin 0' = — . If the denser medium be glass, and the rarer, air, 
m 

sin 0' == JL = J- , whence, 0'= 4P48'. 
m 3 

(42.) The phenomena of reflexion might be derived, analytically, 
from those of refraction, by considering that the angle of reflexion 
is measured with the same perpendicular as that of refitiction, or, 
is the supplement of that measured by 0', (see text, Jig, 22^ p. 35), 
and that the angles of incidendb and reflexion are equal, but on 
opposite sides of the perpendicular ; so that, in the case of re* 
^xion, sin ss — sin 0*, or, m ss — 1. 



y 
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(48.) Pftor. HL 7b ilefenntse lA« coiciwe 9f a fmfie rqWf w ^a 
' ' «ffui8 |Wfict2 «^ rtyc, refracui h^ • prmt* {Fig, 0O«, iv 99p 
text) , 

Let the anrie, JZ|i?ilf^ of incidence, upon th^ first forfiice, bft 
#dled ^; ffRff^ the correspoodin^ angle of refraction, ^'; ITRN^ 
the ang^te of incidence on the eeoond surface, ^ ; n'RV^ the angle 
«f emerfsnoe from the wiam, ^ ; the angle, jA, of the^ primn, a. 
The angles, RAS^ ARk, and ARR^ together, a» cqaal ^ tw». 
riffht angles: but jUUTa OO^-w ^, ^ iljr J^ m 90<> •« ^ 
whence, 

« 4- (90 — ^0 + (90 — 1/0 = 180, or, 

flj ws ^' -f <f»' (19). 

The an^le of total dfviaHon, P^M, 19 equal to the sum of the 
partial donations, ERRf and J^KR, th»t i9» calfipg tb^ d^Tifh 
tioQ 3, 

«i-^-*^'4.^ — ^', or, 

' ^ == tf + *--(#'+ n <^^ 
Jnf^^*^a...,. (SO). 

Thin vnhie, of iim deviatioii oaiit«imi thi» givw laglst ^ 1^4 ^ 
atid the angle ^, which may be feund by moans ^tiie |e)|ti<i9W ^ 
^ ^', ^, and ^, as ^y^n by the following equations : 

sin^siit.sin^' (17), 

+'«a-f. (19), • 

sfai^Bsm.sin^' (IT). 

(44.) If we suppose the angles ^ery small, ^e luKve^ from (11% 

Also» from (IT), 

^ -^ y/^ (m,^l) ^\ 4^ 
^«^-^'4.t/,-^:^(W-,l)(^'+^'); 

but (19) gives 

^' -f- V^ »s a, wheaoe, 

«=(m — l).a (21), 

a value depending only upon the refractive power of the material 
of the prisnif and upon its refitusting angle. 

(45.) There are two other eases in which the deviation, as gives 
hf equations (20), (17), (17'), and (19), assumss a somewhat 
simple ibrffl. These we shall eensider, in order. 



\ • \ 
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(4&) Prop. X. To find ikt dmation ufa ray^ or^^h^maU pencil 
of rayo^ incident perpendicularly on one of the turfacee of a 
prionim 

When the incidence upon the first surface is perpendicular, ^ = 
o, and 0' 3= 0, and equation (30) becomes, ^ 

« = 1^ — fl, 

find (19), 

t^' = a, whence, 

sin ^'= m . sin x/^' = m . sin a ; 

hat from the value just found fi>r S, we have, 

t^ Bi a 4. d, whenoe, 

ttn (a 4- .^ s m . sin a (22) ; 

from which equation, 6 becomes known when a and m are given ; 
or, 

sin (a 4- Q 



m 

sm a 



may be found by determining S and a. This is one method of 
determining the refractive power of a oubttance. Another method 
is furnished by the next propositiou. 

(47.)Trop. XI. To determine the demotion of a ray^ or <]f a smaU 
pencil ofraySj when the angles of incidence and emergence are 
equal {Fig, 20^ p. 32, text) 

By the condition of the question ^ ss ip^ and since» firom (17), 

^/, sin 6 J • 1/ sin xl 
sm ^' '= -—1 » and sm V^ = — I , 

fit III 

sin ^' ss tin ^, or, ^' ess xj/. 

Equation (19), gives, 

2/=a.or,^'=: ~, 

and from (20), by making ^ a=r t//, 

^ =3 2^ -^ a, and = "^ • 

Substituting these values for ^ and 0' in (17), it becomes 

1 • 1 

sin — (fl-}-a)«=ni.sin— a (23) ; 

ui equation from which 6 may be determined when a and m are 
given. 

By transmitting light through a prism so that = ^, we have 
a method of measuring the reactive power of the substance of 
which it is composed, for, 
C2 



V 

I 
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^^«mi(«-hJ) (24^; 

sin i a 

. The equality of the angles of incidence and emergence majr Be 
'ascertained, by measurement, with the instrument which has been 
devised £bi this purpose, or by the use of the proposition which 
follows. 

(48.) PftoF. XIL T%9 angles of incidence and emergence, efa raif 
ptuting through a prtem, are equal, when ^e deviation i$ a 
f mifitiii'ttvii* 

The proposition requires the deviation to be a minimum. We 
theriefbre &id ^s valii^ differentiate it, and put the di^rential oo* 
e£Bcient equal to zero. The value of the deviation, from oquatiop 
(20), is. . * 

^=5B0-)-'4i' — a, 

the diiferenttal d which, a being constaat, is, 

d6sBd<p -{- i2\t','*whence, 

:^=z 1 4- — 
d^ d^' 

Equation (19), is 

a « / 4. >!/, 

by the differentiation of which, we obtain 

d^' 
From equation (17), by a similar process, we have, 
<l . sin ^ SB fii . i{ sin ^', or, 
cos ^ . <2^ SB m . cos^'. d(^\ <»■, 

i^ « m . ?e^' . d^\ 

cos ^ 
' In like manner, we obtain, by differentiating j^V), 

d^'^m.^^Si^.dV, 
cos -4/ 

Dividing the second of these equations by the first, 

rf>l 00s ^ . cos >|/ d^^ ^^ .^^ 
— -j-7 » or, smee 



d^ Qos ^'. cos >l/ 
dV _ 
d^' "^' 

d^f ^^ cos . cos -V 
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BubMitating Ihii nhn fir Sz. in the nim" t£ — Saani 
df df 

•bene, itbeoomea, ' 

it — otnt-ea'-V 

it ~ tai't' .not*' ' 

Thii ratoe fbond fbr the diflbrentiil coafficient of J, ia to bo 
mKlo eqod to mo, wheooe, 

cQ.».w^ ^^ j25^. 

cca #' . oca ill 
■n aqutka which ii Mtiified if ^ e> ^t, or tic a»^a vfineiienM 
and tmtrgnet art tquaL Tba method of omug thii {njioutioa 
ii doKribed iaui.3S, Fi).33,34,oflb« text. 

Refractum by Lenxex. 
(49.) In difcosno; the nibjeet of refiaettco hj Imuea, we dull 
cooudar tba refruting lurfica u iphericaL The pencil of inoi. 
dent imwill be,fint, uaantedu iadeGuitely nniU, ind the thick. 
Dcw of the kM iMfigoted; Deit, the oonectioo Kit thicknsM irill 
be intradoeed, ind, lutl7, undet the title r^ AbeiraliMif Learnt, 
theoueofapencilcf N^nugnibide wil} be comidsred. Re&ae- 
tioB thnni{h itAeiea ud p*nllel plane tnr&cei, win be dedoced 
fi«m a eooiideratiaii of the general can. 

(50.) Paor. Xni. 7b drttrmme the Hwru afan ind^mt^if tmoB 
pencil qfnt^ patting Jnm a rum- to a iaiter medium, Ikrtugk 
a tpktncal mt^att. ' . . 



Let £ be tba radiant ptnnt of a mnall pencil, of which BV ia 
the aiie, and BR the ertreme raj ; the ray ER, paniag into the 
denser inediuin, will be refracted toward) the perpendicular, CA, 
making the angle tniUlf leu than ERC, and in anch a proportiaa 
that ain ERC : ain mRM : : •> : 1, m repneenting the index of 
relraclion ik the deniet mediuot, that of the rarer medium being 
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have, 


ufFV— u\ CV— t. In the triangle, JBJRC, we 
EC _ sin ERC / ' •: 




ER ~~ Bin ECR '} / . 


and in FRC^ 


FC sin FRC 




FR Bin FCR J 



Dividing the Bnt of these equations by the second^ 

EC FR amERC , . 

£ . — == , and smce 

ER FC Bin FRC 

sin ERC s m . sin mRM s= m . sin FRC, 
EC FR _ 
ER FC~' ^ 

The pencil of rayv being very small, the point jR is vexy near io 
V, and for ER and FR we may take their approximate valnea 
EV and FV, whence, EC = JBF— Cr= tt -^ r, and FC =i 
J?V— CF *= tt' — r. Substituting these values of EC and FC, 
and the values of ER and F/2 fi>r those lines in the equation just 
found, it becomes 

= m, or, 

tt tt — r 

u — r ' tt' — r 



=. m . J— ; and, dividing by r. 



tt > tt 

1 1 tn s. m ,. .^ 
— — = — — —Y , or, by transposition, 

r tt r u 

J^ _ i. = !!Lzi (26). 

tt' tt r 

(51.) This formula may be adapted to all cases of a small pencil 
incident upon a spherical surface, by a conventional mode of con- 
sidering the algebraic signs, of the different quantities involved in 
it Let us, as in reflexion, consider it, u', and r, essentially jMtt- 
ttv« when the radiant point, the focus, and centre, are, respectively, 
in frmd of the lens, negative in the contrary case. 

The positive sign of tt' wiU, then, correspond to an iinaginary, 
or virtuM, focus ;' and the negative sign, to a real fbcus. lliis it 
is important to the student to recollect, since the reverse has been 
the case in reflexion. 

It would hardly be useful to discuss the variations of formula 
(36), by changes in the quantities concerned in it, since we must 
consider, in refraction by lenses, the action of two surfaces. 



CHAP* m., 



BBFBACnOK. 



aa 



(SSL) Prop. XIV. 7b dS^tenntnc <4e cohtm y a nwttt fenol of nmi 
faUing upon a lew; tke radiant point ofAe peneu being in mc 
axieofikeiene* 



'Uk.S. 




Let JSR, as befiire, be the extreme ray of the peacO, EV the 
•zia of t^e pencti and «f the lens, !|lMthe rarrefracled at the first 
surfhce, OR the radhis of that siirftee, M the point in wUeh JBilff 
meets the second snrfiuse, CM the radios ef the seooiid socfiioe 
dtawB to the popi^ M. PEoducbg MR imtU it meets the axis, P 
is the ▼irtual focus of rays refracted by the first surface. $ince 
' the refraction at If is from a denser to a rarei^ roedtum, the ray 
is refracted ^»i9 tiw pe^pen^eolar, taking the diret^on MAT, which, 
prolonged mitil it intersects the axis, gives F' for the virtoal ftoos 
of the pencil refracted by t|ie h^ 

Keeping the notation of the last proposition jBFs », FFs u\ 
CVsas r,and thfteqawtion ftf refraction at ihfi first sfr&i^e is, (36), 



m 



1^ 
u 



m-^1 



(36). 



The equation for the refiraction at the second surftoe may be^in- 
ferre4 firom C^/of nmy be obtained directlj, by proceeding in the 
trianries FM&and Fwf, as was done, m the last proposition, 
in J^KC and i^iSO. Thus, 



Fa 



sin FMa _ , P'C 



mF'MC 



F^M sin F'aM 



FM ohFCTM 
imd, by division, 

Fa F'M _ sin FMa _ 1 

fm' ra muF'Ma « ' 

Call FT, tl4^ thickness of tiie Iens,t; F'F,«; (TF,!^; then 
FV sss «' 4- «» ^^' = tt' 4- < — *^» and F*a « d — /. These 
values being substituted, in the equation just fi)nnd, instead i£FM^ 
F^Mt &>c^ we have. 



»' + t 



• — i' 



= — — » f whence, 
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AFFBin>IX 



V a'-f t 

dividiDgr bj r^, and odlecting th^ temiB, 






m 



1- 



m 



m being greater than unity, the sign of the second member is 
ceallj negative, and as it will be convenient to show this, we 
cbange the £>nn of that member, and the equation becomes, 

-i. — "^ = _ ^ — ^ ..... (27). 

This is the general equation between u\ «, /, t, and ni, wfaich, 
combined with (26)) will determine v in terms of v, r, r^, <, and m, 
all of whioh are given quantities. 

(53.) If the thickness of the lens is so small that it 
neglected, equation (27) becomes, 

^ ^ •" ■" ^ , but, from (26), 



tt 



m 



u 



m — 1 



_1^ 






m — 1 



, whenoe, 



or, 






Since 



_ J_=(m-1) (i !r\ (28).' 

u V r r / 

represents the divergency, or convergency, of the 






1 



incident pencil, and — that of the refVaoted pencil, we deduce, 

V 

from (28), that the difference of the vergencies of the refracted and 
incident pencils is a constant quantity fir tf^e same lens. 

This formula applies to the different cases of .the incident pencil 
and lens, as in the single surface (art. 51), if we consider the dis- 
tances of the radiant point, focus, and centre, positive when in 
front of the lens, and negative in the contrary case. The same 
remark applies to the general equations (26) and (27). 

(54.) In most of the cases which occur in practice, the tliick- 
ness of the lens may be neglected, and, therefore, equation (26) is 
applicable to them ; in all cases this equation determines an ap- 
proximate value o'f the focal distance, to which a correction for the 
thickness of the lens may be, conveniently, applied. 



k^' 



^^' 
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m 



1 55.") To obtain this correction for iMckneBi, expand -. 

V / It' -f t 

in eqaaticm (27), into a series, by division, 

"" tt' a' Vtt' a'a "" / 

If the thickness of the lens is not very great compared with the 
distencb of the point F, the powers, of ' , higher than the firsts 

may be neglected, and we haVe, ^ 

tn ___ ffi wt 

tt'+ t iT" "" ti^ ' 

Substituting this value for ^^ , in (27), itbeoomes, 

w + * 

1 *" j_ •*** "* — ^ 



or sabstituting for -^ its value frdm (26), 



,1 xl m — 1 ,«!«___ «— .1 . 

by transposing and collectkig the terms, 
J_= _L + (m-l) (-1 _- ^>_ J^ .....(29). 

in which we perceive the approximate value of >^ given by 

equation (28), and a correef ton ^ for the tAtdbies* of the 

lens. ' 

(56.) Prop. XV. To determine the form of a sfhaU pencil refracted 
by a medium^ hounded by paraUd planea. 

For plane surfaces, r and / are infinite, whence — =r o, and 

1 . . 

Equation (28) becomes, 

11 11 /on\ 

-i = 0, or, . — = — ..... (30). 

Vtt Vtt 




36 BSFSACTION BY THICK FLATES. AFnBKBIX* 

The verfeoGj of t^ refracted pencfl is tlie same with thai of 
the incident pencil, when the plate is indefinitely thin. 

(57.) Applying the correction ftom eqnatiail (99), we oblilii» 

1 _ 1 ml 

but, froiA CM), by mahiiig — r=: o, 

ir 

" J!IL == JL, irfisiice, tt'steflw; 
«' tt 

SabrtitatiDg this Talne of v' in that kttt given, ftr _ , 

©11 



' — = -i-(l i-\ (31). 

Eqaalion (31) oontains the theory of iefractin|g plates of oqd- 
aiderable thickness. 

(58L) If the mcident ivys are panUd, — = •, and li. s= o, 

ti o 

or, V = 00, or parallel rays are unchanged by the reftaetioo (fig. 
23,p^36,lBzL) 

(59.) ThoTahieof — fta dHerging nys, pnlahf (^^ia poA- 
tin, knok or iwgaine, Moorafii^ ~w m bne 

I s^ ±,1 = ±, 1 ^ ±. Ottt m, 
mu mu 



«fe I < nw, t = mUf t > mil, in which m is greater than imitj. 
For ordinary cases of relation between «, and I, (f < mu) — ■ 

poeitiYe, and therefore the ibcm imaginary, or the nys still diveige 
after refiraction. As u is measored from the first soffiu^, and o 
from the second, the efiisct of refraction in bringing the object 
nearer tOi, or remo^nng it fiother from tiie plate, is not e xpres s ed by 
the relation of v and u, but b^ that of « -«- 1, and v. To ascertain 
the efiect of refraction in this prait of view, we take the value of 
V in (31), or, 

• = ; 

ntic-^t 



I' 

i 
\ 
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this, by din^aig and negleodn^ the powen of I above Urn Ba^ 
gives 

• s » ^. .^, whence 



p^t sn 4. t 



(i-^> <»)• 



1 1 
In wUeh aboe » > 1« — <r 1, and 1 is sobtraclive, 

' or, » — t < «; the poini of (diverfenook theieibro» is bmii^ 
neater the first sorftee by the dSstanoe, til y 

In a glass plate, m = 1, and 1 _ _ = •-. The point of 

St Wt 3 

divergence is^ tbereftrey hroa^ nearer the ibst sorihce by one 
third the thicknefls of the plate. 

9 * m 4 

. (60.) If the idflidanf reye ce w wree , u ie nwative, whcnee 
flom (31), 

— ==- — (l+— \ (3S). 

V II \ enr/ 

in which — ia ahrays nmtive, and, therefore, the ra^ still eon. 

e 

verge. 
Proceeding to find the iralne of V — t; as beftre, we have . 

e-l=-(i. + ta-i.)) (34.) 

fimm which it appears that the focos is fiartber firom the first sorfiuse 
than the imaginary radiant point, by the dislaaee < fl — >> — \ 
The reverse of the resoU for diverging rays. 

(fil.) Pbop. XVL 7b determtM file firm of • smmO jwaoZ tf rsyt 
rifraeUd hy a SmMe eomex Zens. 

We will first consider the case in whi^ the thiekness of the 
Isns may be neglected. To this, eqnatiott (te) wiH be adapted by 

D 



- 4fti««N*i«V«Hv4i 




S8 DOUBLE CONVEX LENS. ATTRUfDTS* 

wmkiog r, the radhw of the first surfiKse, negittiVe, aiiice ita centre 
is tamed firom iDcident light' This gives 

1 ■ .1 

Knee — represents the vergenqr ^ the redacted pencil, and — 

1 1 ♦ 

that of the inddent pencil, and is negatiTej]fi,r,r',beiD^ 

eoDStairt, for the stoie lens, we infer that the Haergemy detlrayfd^ 
or eanvergeneif j^todueed^ by tki§ 2eji», it a fomtmit ^aanHty. 

1 

(G2.) For parallel njB^ — =s o, and 

* -L=_(m-l)(-l+-i) (36). 

In the refivcting media of idiich' lenses are made, m > 1, and 

1 
this ¥ahie of — is negative : lience ih& Jbciia lies hdd&d the Itaa, 

Ad kreai^ For the 'dislanoe of the priDeqwl feens ire have bj 
taking the value of v firom (36), 

«'= L_ : _r!l_. , . . . (3T). 

3 1 
If the lens is of gliUBs, m s= ^ , and r- =£ 2, whence. 



o orrespoDdmg to the nde given in the text (page 49). 
If the glass is eqnallj convex, r = r^, and 

The principal focal distance is eqnal to the radios of the sorfaces 
of the lens. 

(63.) The principal focal distance may serve as a convenient^ 
term-of-xoD^Ninaon lor>the fecal ^figf^M**^*^ of diverging and c(m- 
verging rays. Denoting it hy/, we have the value of/ given by 

1 1 

(37), and of ~ by (36), substituting in (35) -±. for its equal ; and 

transposing, we have, 

1 _ 1 1 ^^ 

T — u'^y ^^* 



.»■*■!«•■ 



t)HAP. UI» - REFJL&CTION. ^^ 

(64) Diverging rays. Equation (38) applies- to this caie. 
From that eqaation it appears that for the same lens, the 

yergency of the ^iraoted rays f.-rr-^ is less th^ the divergenof 

of the incident rays T— | hy ;i^. constant quantity {— \ de- 

pending- npen the. index of refiractioh of tl^ material' of the lens; v 
and upon ihe 6unratare of its surfaces. 

If tt >/ (Jg. 29n p. 43), -L < -L , and -L is negative, or 

• ' u ■ J V 

the rays are bcougi^t to-a.fbctts. The ,re<^procal of the £)cal .dis- 
!^tance.4s, from (38)| 






Snce -y. < -— , ,— ^ ^5; __ J or i > /, and ^a fi)cus 

is ftrther tan the kiis thttii th^^cipAl fiiclitt. A» the^ radiant 

point approaefaes the iens, — ihcreasesy and, of course, — , or 

II « * 

J: cL , diminishes, or o increases : that is, as the radiant point 

f u " 

J 

approaches the lens, the focus rfscedes, ani^ vioe,Tersab 

-r- S{f. The ibeu»iirf as^ftr from the I^ as the'radiant pomt ' 
If the rays proceed ftom a point as fiur from the^lei^s as the prin* 

dpai ii>cus (as fiW 0^,>^.'29;>, tis/, aiSd JL L: ofthshire- 

fracted rays are pfuralleL / . ' ; 

The radiant point heing e^ suppose to approach the lens, we 

have «i</» or,,-^j>. __;';.--. >#- -j-^-, or 5 — \ , ]a.theit p9«HtVe, 

tt / tt / ' t).- 

and the rays kire no.lpngpr hrought to a.focus. ., 

(65f) Equation (35) will give the value of the focal distance for 

H'wrgingn.ji'i'Xti deterdiiiiie 'this,' tfan^K)ser L-: 'and bring the 
\ * tt 

terms on the right-hand side of the equation to a common denomi- 

hator, whence, , 

. ■ 1 _ »^.r-tt(m.-l)(r.fO .„^ 

V urr 



^ . "•g-jl jg — — — WWi^^W^— ^1^ ■■ L »i— ~-^>iW>» 



»40 DOVBLB CONVEX LBNB* ASVESnUO^ 

rr'— »(m--l)(r + /) 

or dnngiiig the ngn to oorrespond to « red Ibcae, to whidi we 
iHffe fimnil the rays to be faEougfat as kng w « >/, 

wn' 

3 1 

• Far««lMflflM| Msr -^, nd m — 1 =— ;wlMMei « 

11ibi«liiBor«ffiveithen]kiaaiid]n«jt.45,iyf tfaete^ Hie 

yitl^lll#^l^l ^yig«tin« tiiftffw diiwetod k flhanyMJ far Aft mhirMtinn 

rfii(r + from trr', when Sir/ >ii<r 4-0, or it < , 

or » </; the a^ebnio ei^ffeeaion ahowe bj ite cfauifi of Oj^ m 
'tibat caae, that ilw fteaa k unaginaiy. 

4f r -- /, « tl|e IfffiB i(i jiqniBty coiifiM 

'""""Siir — flr«' • 

e ^ -^ f 

a — r 

aipNMUug witfi tibe nde jiut reftRed In* 
(66b) Fxir craaef^fMf iays.&Ilnig upoaA double jfiQarnKtina, we 

make JL ,jiie(iii«tioQa 35) a^d (3^ i^Bg^T^ w^imili 
u 

•v = -t4-+<— "(-t+t)] »"* 

■ V=-(-T + f) "* 

neffs&<]f — Mnijrdwi^ negatne, whatever he tiie veia. 
tif» of u and /, the fbcns ia alwaya reaL Sinoe _ O. _ >. 

1 * ^ 

- ,^the CQiiiwrgeney of the ra^ is incraaaed by zefiactko. 

II 

3 

TUdng the vabe of v fWxn (41), and making, in it, m = >^ , 

aa waa done in the oaae of diverging raja in the last article, wo 
find tat a gioaa lens, 
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» = . (43). 

u (r -f r') -f- SiV ' .. 

For a gla$$ lens equally convex^ we have, 

, D,== -_ (44). 

tt+r .■ : -^ •. 

TheM values ibr the fi)cal distance g^ve the rules on p. 44, of the 
text V ... 

(67). In what precedes, we have negleeted'the thickness of the 
lehs, and liBzt proceed ''to show how a correction, for the effed of 
the thickness, may be introduced, 

Prop. Xvil. 7b sftouf tfts method-of applying^ to ihe approzimaU 
focal length found for a double convex, tens, a eorreetUm for the 
effect of the mdtness, ; , ., 

As ofi example, let us take the case of parallel rays falling upon 
'*the lens. iBquation (29) is applied to this case by making r nega^ 
tive, whence, '". - 

J_ = JL_(«,^i)(J_+ ly^j^ (45). 

V u ^ '\r 1^ f u'^ * 

And for pandlel rays, for which ^-^ =f 9, 

I.= _(„_l)(JL+i,)_ili...'..(46)-. 

Eqnatipn (26), adapted. t6 the case <^ a convex 8arfooe». gives, 

m 1 ' w-^ 1 

tt' : tt ."^ r 
and for parallel rays, 

— - ^ •«. »■ ■ . .1 . , m^ence, 
u' r 

m _ (m -- l)a 

tt'a mr'^ 

. - • , I 

Substituting this valiie of -_- in (46), we have, 

_L = _(M_iy(-L + :J-)-.5ir:^' 

9 , \ r r / mr^ 

1 _ i (m ^-m .... 

= — -r- -~ r~T" • • • • • \**)' 

V f mr^ 

To determine from this equation the correction to be applied to 
the focal lengtbr «, we feduce the terms of the second member to 
Q common denominator, whence, 
D2 



or, 



I 

y 



] 



W»^T yimmrmirvr' 
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±=^ ^' + i^-'^)'fi and 






mr^ 4- C»i — lyft 



(m — lypt 



mH -f (w — 1)V* 
Vlm^tig, and neglecting the terms ocntauuDg ppwon «f if 
hiipher than the first, 

,+f^<si=M^ m 



mr^ 



file oorrectiQii wliich is to be applied to the focal cfotance obtained 
by equation (37). 

When the lens is e^ieimvex and of gla$$, we find (art €2) that 
f^.^-'T^io which a correction, 

Is to be applied. The sign of the correction is contrary to that 
of the focal distance, and the effect is therefore subtnu^tiye. The 
corrected focal length is 

(68.) The method which has just been shown J^ves, at last, 
only ttn ap|ifR>xiniate value of the focal distsnoe, wBoh, however, 
is sufficiently accurate for all cases in which the thickness doev 
not bear a con^derable relation to the fec»l distance. In the case 
of a sphere used as a lens, the thickness is too considerable to use 
the method of correction already exhibited. 

(69.) Prop. XVIII. To find the focal length of a ephere for 
paraUel rayo. 

The supposition that the rays are parallel simplifies the questioo, 
without deducting much fimn its utility. Since — so, equatimis 
(26) and ^) become, by making r negative, 

(49). and 



U T 

1 m III — 1 



.... ^«MJO* 



For the s|^ere t ta Sr, r ss r^ ; and (50) giires 

-L =r ^ — ^!?-^ , but from (49). 
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. fitr 



m — 1 



, whence 



- « -. mr 2iiir — 2r — mr 

»' -I- 2r = ar r = = , or, 

^ m — 1 m — 1 

/ . n "w — 2r r(m — 2) 
m — 1 m — 1 



»or 



SabBtttotmg thui value of tt' -f 2r in (50), 

1 m(m-^l) m — 1 
D "" r (m — . 2) r ^ 

1 _ m(m— 1)— (m — l)(m-^2) _ (iit — 1) (m — m + 2) 
9 "" r(iii— 2) "" r(m — 2) 

•imI 

T "^ r(m— 2)' ^^*"** 

2(TO — 1)' 

Tlie Talne fast ftand is the cBstance of the foeoa fiiom Hie eeoond 
snr&ee; call / the distance from the centre, then 

^ r(m — 2) 

^^■•~*-2(5r:ri)-''' 

or, bringing to a oommon denominator and reducing, 

/—Ji^ ^^»>- 

The mk on page 40 of the text, is given by the vahie of/ just 
finmd* 

If the refiractipg sphere beofl0&a«fteer,fii 81.11145, and/a — 5r, 
at course FQ (fig. 26, text,) a — 4r. If the sphere be of water, 
mss 1.3358 and /8e:-~'2r nearly, or JFIQ (fig. 2iS)B — r. For a 
sphere of glass, m s 1.5, / ss — l^r, and FQ a — )r. For a 
sphere of zuroon, m s 2, / » ^ r, and FQ a o. 

(70.) Retuminff to the discussion of the fimnula ibr the refracted 
pencil when the Ifns is indefinitely thin, we take up the ease next 
m order. 

___ > 
Prop. XIX. ,7b determine ike form ef a email peneU i^ter re- 

fiaeHtm hy « ^ano-^eenvex lens, 

A^ in otiier discussions, the refractive power of the tubstanoe 
of the lens is assumed to exceed that ci the medium traversed by 
the inoident pencil, or m > 1. 

Hie question obviously includes two cases; in the one, the 
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plane side is tnrned towards incideiit light, in the otlier fbe curved 
side is thus directed. 

(71.) First : when the plane side is tamed to incident rajs, 

• — = o\ whence from (28), 

r 

1 1 m — 1 

» a r 

From this we in^, that the divergency destroyed, at eenvergenof 
produeod, by t/ds lens, is a constant quantity, as in the «mhfe 
convex kns (art 61), hot the effect is less than in that lens by 
m — 1 . . . ,. 

, the power of the first surface ; it is not necessary, tfaeic- 

r 

fi>re, to cany out the discussion of the properties of this lens. Tilery 
will be no correcticm for thickness, fi>r parallel rays, no refraction 
being produced by ihe first sur&ce. This is shownliy the analysis, 

the term —^ (in 29) vanishing, since from (26), -7 = 0. 

The principal fbcal distance given by making — z=z in'(5S^ 
and inverting, is 

•^ ^^ "* Zi T' 

m — 1 

For a glass lens, 

/ = -2r' . 

(72.) Second : when the convex side is tamed to incident light, 

1 

--^ = 0, and r is negative ; firom (28), 

-L-J- "^ (53). 

V u r • • 

The e&ct is, as in the first case, to destroy divergency in the 
incident pencil, or to produce, or increase, convereency; and if we 
suppose r =z t^ , that is, the same lens to be used in both cases, the 
'e^ct produced is the same. 

For the principal fbcal distance, 

/ = - 



m — 1' 

and ^r a glass lens, ^ ' 

/=— 2r. 

(73.) The thickness of the lens produces in this case an efGsct 
on the principal fycal length, since the rays refracted by the first 
surface fidl obliquely upon the second. 
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TV> introdnoe the oorrectian into the value of the principal ftcal 
jifltance, we recur to eqnatioiiB (36) and (37) ; making, m theae, 

f negative, --j.are,and — ao,we obtain, / 



u 

m M — 1 

7" r 

1 m 



The valne of 41^ fim (54), ia 



,.(54), 
t55). 



«' as T , and 

m — 1 



,,'^.4«_ J5L- 4.t«-««/--l--.--±ybutfito<55), 
^ m — 1 ■ \m— 1 m/ 

«' + « 



9 



and aobrtStnting ftr W ^. i the ¥BhiB jnat tend, 

• «:--^ +-^ <56). 

m — 1 ' m 

The oorrectimi^ theiwfbre, diortena the appnozimate ibcal length of 

the lens hy -^th part of its thicknees ; if the kna be of gUusa, 
n 

t» =s — 3r -f !«, OP, 
t» = — (3r — I*), 

(74.) Peop. XX. 7b determine the form ef a maO. peneO, after 
tefraetien fiy a deuUe concave lens. 

In this form the radios of the first sorfiioQ is positive, that of the 
second negative. When the thickness of the lens may M ne^eci- 
ed, we have fixvn (38), 

J.-.i. = (,n-l)(l + j.) (57)» 

o u \ r r f 

and where an apiwoqamate vdue of the thickness cfuy be used, 
ftom09O 



4-4 = <— '(7+7)-S 

in which ti' is determined ftom equation (36), or 



(58). 






t 
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(75.) When the incident rays are paraUel^ (%. 31, p. 44^ text,) 
(57) gives 



4 = <— '(4+1) 



or caDing /,tbe principal fecal distance, and determining it from 
the equation just given, 

This value being positive, the focus is ima^finar^ and at a distance 
expressed by tl^ product of the radii divided by the index of 
refraction, fess one, into the sum of the radiL The rule cor- 
responds to that for a double convex lens; in &ct, equations (60) 
and (37), difier only in their sign. 

I 

(76.) Dwerging rays. In this case — is positive, and, there- 
fore, as long as m > 1, the value of v, from equation (57), will 
always be positive and the focus imaginary ; since 

4=-i+(«_l)(-i+-^).-....(S7). 

« 

ft appears that — > — , or the divergency of the rays is incresB- 

ed by the refraction, (fig. 32, text) 
In a gloM lens, 






or 
• r / 



Sr/ -(- tt (r + O ' 
whence the rule on page 45 of the text. 

(77.) When the rays eomoergt, — is negative, and (57) beoomei 

-i-=_i-+(„_l)(± + ^).....(6I> 
The pencil still converges, b rendered parallel, or diverges, ac- 

*f y 1 1 

cording to the rdation between — and (m — 1) f f- -—-V or 

its equal -— . If — ^ __. or u > /, — is positive, and the 

J U J V 

rays still converge; if — = -7- , or v = /, — = 0, and the 






I 
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refracted rays are parallel; if — > -p-,or m </, — is. nega- 

u J V 

tive, uid the rays are brought to a foctis. This real focus is as far 
behind the lens, as the Tirtoal fiwus of paxaHel rays is in front of 
f ■ 1 2 11' 1 

and o, =s — /: the distance exceeds that just named if u > -^, 

■ „ ,12. 1,1 1 

when we shall have — < —;r and h —r < 7" » ^^ 

u f u ^ f f 

— < — '— =- and » > — / : the reverse will of course be true if 
» / • 

I^ as. was .6ist supposed, u > / or —-.<■—:., though the rays 

tt / 

still converge after refraction, they converge less than before it, fer 
111 

« / / ' , 

We shall not introduce the correction for thickness, as it would 
be determined by the same method with that for the double convex 
lens. Practically the thickness of double concave lenses is of little 
importance, since it is least at the central parts. » 

(78.) Prop. XXI. 7b determine the form of a smaU pencil ofraya^ 
after refractum by a p^no-concave lens. 

First' When the concave side is turned to incident rays, — ,s 
0. and r is positive ; equation (28) gives 

V u r ■ 

The 'divergency produced by this lens is, there&re, less than 

tiiat produced by a double concave lens, by \ ■ ^ , the effect of 

the second surface. 
Second. When the |?2<in6 side is towards incident li^ht Then 

' — r= 0, and r' is negative, whence, 

r 

i- _ i_ = (?L:il2 (63), 

agreeing with the expression found above, if the lens is the same 
la each case, or r ss /. ' 

(79.) The next form to be considered is the meniscus. 
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Pbop.XXII. IhdeiermnethefmiicfatmaUpeneUiifUf^afier 
refraction hy a menUau. 

When Ihe conwjr side of the iMniacvui is tamed towmi^ inci- 
denl liglit, the nf^ni of both r and r* ai« nefitive. The gvoenl 
ifaimak (38) gives 

lnrti*b,».»n„rfiu.l-,,->,,-^<-L. 

From this relation of J. and J- it ioDowB, thai J 

r r r 



is a positive quantity, and therefore the sign of the right hand side 
of this equation is nqg;ative. The equation eorrespo^s to that fiw 
the douUe oonvez kns (35), but the diveigency destroyed by the me- 

aImios is (« — 1)/J L\, while thai by fliedoiiUettHi«ex 

S0 ike d^erenee hetween the pcwers ofUa two 9mfaee$, 

(80.) When the eeneaviiy of ffte meniscus is turned to incident 
Bght, r and r' are positive, and r>^i'^ fx — ^ --. • 

Equation 08) applies directly to this case, and 

4.>i.= -(.-i)(-i,-i.) m 

Since < — r i — — — is & positive quantit|r« hence ^ 

r r r r 9 

L is nsgi^ve. Equations (65) and (64) are identical, the 

tt 

snrfkoe which first reooved the incident rays in the case of (64), 
being now the second surfiuse. 

(81.) For tho locus ciparttUd rays, w^ ham, firam (64), 

/= L^.-Jl!- (66). 

m — 1 r — r 

(83.) The fbnnules just found for the menisctts apply to the esiu 
MWMOttMflp lens, recollecting that when the convexity is turned to 
incident light r> r^, and i& reverse, f > r, when the concavity 
b thus turned. 
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For the first of these caises we have (6^, 

— - — =-(»»"- i)(-i — 4r) (^>' 

V u \ r r / 
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which, since 



1 



^ — - , will be more expressive if written 
r 



= (m — 1) I -J I 

V u \ r r / 



(67). 



The second member of this equation is positive, and by referringr 
to the case of the double concave lens (art 74), we shall find that 
the convergency destroyed by the ooncavd-convez lens is the difer^ 
ence of ike effects of it8 tvoo surfaces^ while in the double concave 
lens it was the sum of the same effects. 

It is obvious that turning the coi!icave side of this lens to inci- 
dent light does not alter the effect of the lens, as was shown in the 
case of the meniscus. ^ , 

I Thb virtual focal length of the C(mcavo<«onvex lens for pamUei 
rays, when the convex side of the lens is turned to the incident 
pencil, is 

f='—L-.J!lL (68). 

m — 1 r — r 

(83). For two spheriegl surfaces of the same cwnature^ we have 
r =s f^, and (28) gives 

i- -- -L =r 0. 

The effect is that of a plane glass. 



E 



I / 
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IXAGBS mr LEIfSES* 



CHAP. IV. 

FORMATION OF IMAGES ^T BEFKACTIOir. 

(84) The nibject of the formation of images by knaes beco m ca 
simple, bj introdaciiig^ the consideralion of the ray which passes 
tfaroagfa the two sor&oes of the lens, at points whoe the tangents 
are paralkj. 

Paop. XXIII. AH the rayt which tuffer no deviation by r^raetum, 
by a lau, pas$ through a single point. 

Fig. F. 




In the figure, let RL be a raj, refracted b^ the first sor&ce of 
the lens 3Uf into IjL\ and finafly emerging in the direction L'R^ 
parallel to RL. Produce LV until it intersects the axis of the lens 
in O. Since, by hypothesis, the tangents at the points L and L' 
are parallel, the radii CL and CL' are also parallel, and thetri- 
angles COL and COL' are similar. Whence, 

CO : CO i: CL' : CL^ or, 

CO = CO . ^ , and 
CL 

CC^CO — CO = CO.i—-^l\. 

Canine CL = r, CV=zr^, the thickness of the Jens = I, and 
CO es tf , we have 

CrC=CV— CF=Cr— Fr^CF=st'-.* — r,aiid 



/ 
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i/ — r — « = tt'. /— — .l\, or, 

»' s r — t — (69). 

r' — r 

This value of CO is made ap of quantities, oonstaiit for the 
aame lens ; fironi which we in^, that aU the rays vfkteh experience 
no deviation in passing through a Uns^ umwU, if produced after the 
first refraction, meet in a single point in the axis of the lens* 

This point is called the centre of the lens. 

(85.) The distance of the centre of a lens from the vertex of the 
first surface is found, readily, from equation (69) ; for^ since VO = 
CV — CO s=r — u\ we have, by taking the value of »' from 
(69) and calling r — u\ x. • 

j:==r — tt'=t._JL. (70). 

r — r 

The distance from- tne centre of a lens to the vertex of its first 
snr&ce, is equal to the thickness of the lens, multiplied by the ra- 
dius of that surface, and divided by the difference oC the radii of 
the two surfaces. 

In the double convex lens, r is negative and / positive, whence, 

. = !!_. 

»' + »• 

The sign of (x) VO shows that, in this case, it lies on the right- 
hand side of the vertex. Since — I is a friiction, « < f, the 

eentrt is therefinre between the two surfaces. ^ 
In the equiconvex lens / s= r, and 

2 

The centre is midway between the vertices. It is from tliis chr- 
cumstance that the poini, which we have defined, cferives its name. 
The same remarks apfdy to the double concave lens, 'since for that 
lens, r is positive and f' negative, whence^ 



X = 



r' ^r 
the same exitression which we have above. 

(86.) To use the position of the centre of the lens, in de- 
termining the iibBge formed by an object, we observe, that one 



53 



DfAOES BY A DOUBLE COlfVEX LENS. APPENDIk 



ray of the pencil, which proceeds fix>m every point of the 
object to the lens, passes through this centre. This ray is called 
the principal ray or axis of the pencil, and when the lens is thin 
may be regarded as suf^ring no refhbction. It does not fall per- 
pendicularly, nor nearly so^ upon the surface which it meets, and, 
therefore, in strictness, the refraction of an oblique pencil should 
be investigated and applied to this case. Approximate results may, 
however, be ob^ined, by taking the fycal distance already deter- 
mined for a direct penal ; this distance being found, ftr the pencil 
proceeding fHm eiioh'point of the object, we have a series of points, 
the asoemUage of which oonstitates the image. An appluatioa 
of thb method is given in the following proposttion. 

(87.) Prop. XXIV. Tke object, of wMch the image by a etmoex len$ 
is required, ia a plane perpendicular to the axis <^the lens. 

Wlg.Q. 




Let AB represent a seotion of the object, MM that of a douUe 
convex lens, PC a line drawn from any point in the object through 
the centre, C, of the lens ; this line may be regarded as the axis 
of a pencil of rays proceeding from P, and may, fiurther, be con* 
sidered to suffer no refraction. Call a the distance DC ; u, PC ; 
and 9 the angle DCP : we have from the triangle DCP^ 

a s tt . cos , whence 

1 COS0 

but fhim equation (38), article 63, 

i L-. 1 (38^ 

or substituting for — its value just found, 



-L=i:ifl!-4 (71). 



1 OOS0 1^ 

V a f 

The polar equation of a eonie section referred toAifc fbem. 
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From this equation, inferences might be drawn similar to those, 
fiiiuid in the chapter on the fimnatum of images by mirrors. 

(8d.) When the object mtbtends a tnuM angU^ we may consider 
its section as a circular arc ; the image wiH h^ also^ a circular arc, 
since if u is constant (38), v Will be so ; and the arcs will, evidentiy, 
be similar. If the distance of the object'and image, respectively, 
from the centre pf the lens, l)e called a and v, their magnitudes 
d and d\ we shall have . ' 

.4-T ('^' 

B being assumed very small, equation (71) gives, making cos = 1, 

1 /— tf, 

— = ■ V ,or 
t> af 

/—a 
this value of v substituted in (72), gives 

d' f 



(73). 



d f—a 

As long hBa'> fi f — ais negative, and the imaee is real To 
show the results of this case more clearly, put equation (73) under 
the form 

iL L. 

d - a-f 

d! 
If a > 2f , fl — / > / and -,- is a fraction, or the image is less 

than the object 

d! . . 

When a s 3/*, — = 1, the image is equal to the object 

For a < 2f , a — J <S t and the image is larger than the 

and no image is forftied. 

Next, if a </, equation (73) gives for 

1. - / 
d f-'-a' 

a positive value, and the image is now a virtual one, on the same 
side of the lens with the object. It is greater than tiie object until 
/ — a=/, oraso, that is, until the object touches the lens. 

Since the rays cross at the centre of the lens, it is evident 
that when the object and image are on the same side of the lens, 
or the image is 4|Uial, the latter is erect; when on difforent sides, 
E2 ' 



it IB inYerted. The i^;n of -3- , therefore, determines whether the 

d 

imtge win be ereet or Averted with respect to the object, the posi- 
tive aiga coneqioiiding to an ereet image, the D^gative to «t 
inv<erted one* 

(89.) For the double eonea/ve lens from (57), article 76, 

V t* / 

Whence we denhre, by iollowing the same process as for the oon- 
ve2;1ena, 

1 cosfl^ , 1 , ^ 

— = ^ + -r , and 

V a f 

i /+•' 
an ezpfession which is always positive, and a firaction : hence the 
image formed by a concave lens is on the same side of the lens 
with the object, erect, and less than the object 

We have spoken only of sections of the object, image, and lens;^ 
the remarks made in the chapter on the formation of images by 
mirrors, (Chap. II., art 37,) apply equally to this case. 

(90.) Having fomid an expression for the ratio of the linear 
magnitudes of an object and its image formed by a double convex 
lens, if we would view this image at the distance of distinct visicHi, 
(pp. 48 and 49, text,) the apparent magnitude will be increased, 
in the ratio of the distance of the object from the ey^, to the limit 
of distinct vision. Let V expre^ the former distance, h the latter, 
the magnifying power of a, convex lens used as above described, 
will be expreswd by 

where / is the focal length, and a the distance of the object fram 
the lens. 
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CHAP. V. 

SPHERICAL ABERRATION OF MIRRORS AND LENSES. 

(91.) In the text, pages 57 and 58, the fiiot is stated that the rays 
which &11 upon a spherical mirror, at a distance ftcun the axis, 
are not converged to the same point, with those nearer to the axis. 
This is illustrated in the annexed figure, in which LM^ JLM are the 
extreme rays of a pencil diverging frqm I^ and F' is the point on 
the axis at which the reflected rays MF*', MF' meet ; IM\ LM' 
are two rays meeting the mirror near to its vertei X>, the fecus of 
the reflected rays M'F and M'F being at F, 

Fig. H. 



FF is the aberration in length, or longitudinal ttherration, of 
the reflected pencil, and if from JF* a perpendicular to the axis be 
drawn ifteeting the reflected ray MF in 1^ FI will be half the 
aberration in breadth^ or lateral aberratum of the same pencil. 

(9S.) Prop. XXV. To determine the aberration of a peneU of ray§ 
reflected by a spherical-mirror. 

First : To find the amomit of the longitudinal aberratioo. 

With flie centre L and radius LM describe an arc cutting the 
axis of the mirror in E, According to the usual notation LD s tc, 
CI> s r ; to distinguish between DF' and DF, call DP' «: i/ 
and DF = v, and let MN s= y, the semi-breadth of the p(»tk)n of 
the mirror occupied by the pencil. 

The relation of the segments CF and LC to the sides FAf and 
LM in the triangle LMF, gives (as in Prop. I.), 

FC _ LC 
FM'^ LM ♦ 



rv^^^rv^n 
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But LX^LE=^LD-^ED, and ED=iND—NE, or, 
since iV2> is the versed sine of the arc MD to the radios CD, 

for the same reason NE r= — — , or, using for Ulf its -appron- 

mate yalue LD, 

NE = JL. , whence, 

2 V r tt/ 

." = -['-t(v-T)] 

Taking the reciprocal of this value of LE, and neglecting the 
terms containing the powers of the sine, y, divided by the diameter 

o 

Ste, after .^ we have, 

LM LE tt L 2tt V r t* / J 

By a similar mode of proceeding, using the versed sines NH 
and ND, instead of ND and NE, we should obtain 

FM FH «' L 2b' V b" r /J 

But FC = r — v\ and ZC = w — r ; and substituting the 
values of FC, FM, LC and LM in the ratio found in the be- 
ginning of this article, 

t/ L 2t)' V t>' r / J 

u L 2it V r tt /J 

Dividing by r and performing the multiplications by the quanti- 
ties outside of the vinculum, in each member of the equation just 
fouiad. 



t/ r 2v' \f/ r / 



2 



1 , 1 _L »' 



= ^^-+|_(±_J.V (75). 

r tt 2u \ r u / 
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We have thus a geneM relation between xl and ti v^ terms of 
the radius and senU'Sperture of the mirror. 

(93.) If in (75) we use for J- L , in the multiplier of i^ , 

its approximate value, derived finm equation (1), art (7), namely 

11 11 , , . 

— — — = — — — , we obtam 

^ r , t u y 

J L — l! / JL — JLV= 

fl r ftxf\r u } 

r tt 2tt \ r u / 

ftttlisr, by using for / — + — \ the value given by (1), 

^ » « r ' 

'tod sdbstitntiBg this in the equation last ftund, 

i,_±.= ±_J.+ j!(J-_l.y.or. 
V r r tt r \ r . u / 

±=A^l^+ji(±^J^Y (76). 

. In this equation, which gives the value of -^ , coh-esponding 

to a point of incidence distant ftom the vertex, we find the reeip* 
local of the approximate &cal length, obtained when the rays were 

o 
supposed to meet the mirror near the vertdx, namely, 

r 

n — , and a correction for aberration. This correction contains 

J! , a quantity proportional to tiie versed sine of the semi-angle 

of the pencil, and therefi>re depending upon this angle, or the semi, 
aperture of the niirror ; and ^so r, and tt, the radius of the mirror 
and .distance of the raidiant point If these latter quan t ities are 
constant; the aberration is a function of the 8emi>aperture of the 
mirror. The correctiDn fir aberration is additive, showing that 
the reciprocal of the focal length, for rays distant fixnn the vertex* 
is gfeoter than the reciprocal focal length of those near the vertex, 
er that the point F is nearer to the minor than F. * 
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(94.) For paraUd rays — ^ = o, and from equation (76), 



V r 



^ — , whence, 



rl 



t/=: 



2H + y^' 

peHbiTOing the diyision, and n^lecting the powers of y }ugbBr 
than the second. 






r 
2 



y 



(77). 



«3 «3 

The correction for aherraivm u, therefive, ^- -~- , or q7"i o*" "* 

«tt&<riac£ive, anJ e^iMil to (kt square of the semi-aperture of the 
mirror divided by eight times the principal focal ler^h, 

(95.) Second: To find the lateral aberration of the extreme ray. 

The value o£FI, which measures the lateral aberration of the 
extreme ray, may be obtained as follows. la the similar triangles 
F'JP/andF'JJCV, . ^ 



FJ 
FF 



M^^sndFI^FF.M. 

FN 



FN 



To apprdximate to the ratio 



MN 
F'N 



F'D may be taken instead of 



F'JV, and the value of the aberration is 

MN 



FJ^ FF' 



F'D 



(78), 



in which all the terms are known when FF has been determined. 

(96.) We propose in this article to determine the position and 
magnitude of the i^ysical focus of a mirror, or of the circle which 
includes all the rays of a reflected pencil, when they are spread 
over the least space. 

Prop. XXVI. To determine the position and magnitude of the cir^ 
de of least abirrationf in a pencU of rays reflected by a concave 
mirror. 

In the figure let LM be the extreme ray of a pencil, incident 
upon the mirror, MF' the corresponding reflected ray, F the focus 
of rays very near the vertex. Farther, let LP be any incident 
ray, in the lovv^er portion of the pencil ; PR the corresponding re- 
flected ray intersecting MF' produced in c : draw cb perpendicular 
to the axis, fit>m the point c. If we suppose the arc DP very small, 
the reflected ray PR will coincide very nearly with the axis, and 
the distance cb will be indefinitely small; as the arc DP increases, 
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the reflected rays being removed fiother from the axis, efr, at first, 
increases ; it aftrarwar& diminishes as the pcnnt of interseetioa of 
PR with the axis ^iproaches to F', and when DP = DM, PR 
coincides with PF*, and eb vanishes. Between the case, th^ in 
which DP is very small and DP s DM, there is a position of 
the incident ny LP, for which the reflected ray PR gives a mazU 
mom vahie for ei When eb m n. mazimam, aU the rays of the 




r^ected pencil pass through the circle of which that line is the 
radios, which is, thus, the physical fbcua of the mirror. The 
question resdves itself into determining the values of Pb and eb 
when the latter is a mazimam. 

Call MN, y; PT, tf ; DP, v ; DF, v' ; FF', the longitudinal 
aberration, a ; F'b = x; be =z z. Since (art 93) the aberration 
of a ray is proportional to the sqoare of the distance of iti point 
of incidence, from the axis of the mirror, 

PR :FF':: PT^ : MJP : : y'a : y^ , or 
Fpf^ FR : FF'i ryS — y'a . yS ^ whence 

FR^a.yLrJl^ 

But from the similar triangles F'be and FNM, 

be:bF::MN:FN, or 

be = bF, . 

FN 

And from the similar triangles Rbe and RTP 

Rb:be::RT: TP,ot 

Rb:=be.—; 
TP 

sujMtitnting for be in this expression the value fiiinid above, 
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MN RT 



rN TP 

brdie l iu f a fim, 
Ifwi HJfiiiiiMlii.liJ iwiMliiiiiil ffTind f^rftir Irr nn* 

EqiBtiDr Ais ▼*]» €f F'iS with the one befiwe fixmd. 









, = ..4-(,-y) (79). 

y* 

A* we ln*e sqipoaed tiie ny Uf to lemun fixed, and i<P Id take 



, = fc = »p..__. 



ic (or z) will be a masdniiiiii when hF (or x) is a nuaiuiiiiii; tat 
figm (79). X M a iMTimmn, nnoe « and jf are eonatut, wbea 
y (« y) it a mazumiiBi, or when 

y(3f— y)==y3, or 



»' = 



_ y 



2 

Inf]]atca«s,from(79), 

* = ^=4- (80),«id. 

%' 4 

JG^ « MN 

Z 7=1 x» = — • • 

rif 4 FN 

, IfapcrpeiificaIar,Fi;bedniwiifiaiii the fecnsF, of raye^ 

ddent near the vertex, to the axis, meetiiig the Qztreme ray Mr 

in j; by articJe (95), 

MN ^ FI 

FN ^ FF' 

wfaenoetfaevilaei^ie, or --- . ___--, becomes 

4 FN 

' = -^ (81). 

4 



¥rmn OuMi nioea, [BOy moi &l\ at siiix,il affeaa, that tie 
iliiteBM cf lit circle o/' Itmtt abtmUian, from tie facia of ram 
»rmr tit tet1tx,i*iiraftaTilU cf tit laKgitudit^ abaratiaii afdim 
atreau ray, aad Hat tk rarfnu i^Ht tame circlt it out fmrti 
tftie Utml aitnm t iam rfUu ufrnurejr. 

Sphericat Abtrrtgim t^ Letuet. 

^7.} Ib Ibk iiiiiatit«lini ■« ^•tfi" b^ dfltenniung tlie aliBnm. 
tioD pnidaccd hj m. angle mr&ce. We iludl uninw (he li^t ta 
pBB ftom ■ nr« into > deoaqt "^'"'", u when it enlen t, Icos 



K «&crT«t»i jmbeal bf a ib^U 




Let the ny RL ftU iqion Ifae ■phcrical mrface LV Kt anj poiol 
L, wid be refticted into the £recliaD LM. Continae LM until it 
iutenecta ttw sjris of the snr&ce, at F. Draw the rsdioB CZ- 
CiII m the ratio of the one of incideace to [hat of refiactiou, in 
the punge of the nj fiom the nrer to the deowt mediom, lbs 
ine of rEfiadioD being niiit; ; dien, bj proceeding u in miiide 
(SO), CI14. UL, we find 






FC 

' FL ' 



Tkhq the centnn RtudF wKh tbe ladii RL and FX, respec- 
tind^, de«ribe tbe am Z,^ and XT' cutting (be uk In Sand T; 
Sr win be tbe SifiecEncs between RV and RL, and TV that 
between FFuid Pi. If tbe perpimdicDlai ZJT be let &11, &om 
L,apoatbea3iiiRV,SV=NV — NS, and TV = NT —NT. 
A« in tbe notatiOT of Ch^i. Ill, 1(* BF= B, FF= K*, CF = r; 
■nd call ZJf, y. ASLi the vened sine of tbe arc /.S; WTef £7*, 
uidNVtif LV; and if fer the. chord i^eaeh 1^ tbiap area we 
n approrimatn Tiloe, tbe aine, we hare 
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I9S = JL, 
URL 

2FL 

2CV 
or sabfltitiitiiig &r RL and PL, the approxunate Talnai RVwmhA 

2tt 2tt' 2r ^ 

SVz=iNV^NS=z ULl-l L\,Mid 

2 Vr u / 

From these values of 8V and TV we obtain, 

RL=zRV^SV=zu:^J!L(l L\,and 

2 V r II / 

2 Vr u'/ 

Taking the reciprocals of RL and FL, that is dividing tmitj 1^ 
the values just found Ibr those lines, and neglecting the terms which 
involve the quotients of the powers of y^ by those of u, after the 

_1[ — \ , we have 
2tt^ / 

RL ttLttVr- tt/2j 

FL tt' L tf' Vr tf'/ 2 J 

From the figure we have RC ^ RV — CVsszu — r, and 
FC = FV — 6Vs=z vl — r, and the equation for the relation of 
£0, RL^ FC and FL, becomes 

Performing the divisions by u and u\ indicated by the terms of 
the equation, and dividing both sides of the equation by r, ^ 

- (f-4-)['+4(T-i-)fl=' 
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perionnmg the muhipGcatioBi requured 1^ the ezprcssianB, 

i L + J_/J L\*2! = 

r « »\r tt/3 

5- = -r + '"-" v + T^ 
[7(-r-v)-l-(T-v)"] • -'"^ 

MS 

In this value of — -. , the first two terms ooirespond to the 

u 

value finind, (26) art. 60, on the sappositian tiiat the pencil ia 
email, and the third contains the correction fiir the aberration, pro- 
duced by the single spherical sur&oe. 

(98.) The expression just found, may be simplified by substi- 
tuting in the terms of &,e second member for u , its approximate 
value firom equation (26), art 50. From that equation 

^ = J- 4- (m — l) — , whence, 
w' It r 

-i- = JL (J_ + (m-l) ,J.\ , Mid 

. ±^J,= JL_i./JL+i«-l)±Vor. 

r u r m \ u r / 

r n « A r a / 

/J- — J-V= — /J- — -LV. ' 

In order to reduce, with greater convenience, the coefficient cf 
IL- in (82) to its siftiplest fi>rm, call that coefficient k, then subo 

stitutihg in it the approximate values of — ^ and I — —. — ^1 , 
just obtained, we have, 

i = (j_+(„-i)i.)._»,(i._i_)" 

\tt r / tn" \r u / 

_i.(i. _JL) 



3 

,ar, 



^ 
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* = /i_j_y.ri,(i_+(«-i)i.)_j_i. 

, _ / 1 1 \» f l—m' m — ll 1 

k = (L _ L\\ (L - la^l) . H^izl .. 

\r u / \r u / m^ 



whence (82) becomes 



•(r-=^){T-T)'4 «• 

(99.) Wheii the surface is oo&Tez, r is negative, and (83) takes 
thelbrm, 

» 1 TO — 1 TO — 1 



TO* 



(f + ^) • (r •<■ f )■■ f '«'• 

And fi>r converging rays, u being negative, 

TO _^ 1 * TO — 1 TO — 1 * 

ttf IT "~ r TO^ 

(|-^)-<r-|)"-f «■■ 

The term in (85) which contains the correction fbr aberratipn, will 
▼anidi if either of the fiictars composing it sboM be equals zero. 
First, let 

1 TO -f 1 ^ ^, ^ TO 4. 1 1 ^^ 
J — =: 0, tnea — -L — = — , or, 

. r u u r 

1 : r : : -TO 4- 1 : V. 

There is, th«refi>re^ no aberration for converging rays, falling 
upon a convex spherical sur&ce, when the distance of the radiant 
point is a fourth proportional to 1, r, and m -|. 1. JProm whenoe 
the result on page 56, of the text, is easily deduced. 

Kext,let 

= 0, and u=i r, 

r tt • 

or the incident rays converge to the centre of the spherical surface. 

(100.) In art 42, it was remarked that making to == — 1 in 
the formule for refraction, the cases would represent the cor- 
responding ones in reflexion. Making m ss — 1 in (83) we have. 
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i- — A 
ft r 



95 



r \r u / 2 

u r u r \r u / 

ft result which agrees with equatioii (76), art 93. 

(101.) Prop. XXVIII. 7b determine the aherration tn a peneU ef 
ray9^ ufier nfiiution hy h spherical lene. 




-- I^ 



'42 beiofi^ the radiant point of a pencil of rajs fiUlingr upon (he 
lens LVV^L\ let RL be the extreme ray of the pencil, and R the 
yirtoal fecus of the extreme rays, after tefraction by the first sur- 
face of the lens. If now we suppose a pencil to proceed from Rf 
considered as in the denser medium, tlie extreme ray of this pehciU 
RL\ will be refracted into the direction, L'M^ which, if continued 
backward to J^, will give the virtual focus of the extreme rays. 

As before, represent RV hy u, R V hy u\ and CL by r ; futher, 
let U'F=: »', FV=z t>, C'i?= »^f and Fr=i fc 

By the preceding proposition (equation 83,) we have 

m — 1 m — 1 



m 1 ^ , 



+ 



m 



2 



(I m 4- 1\ / 1 ly y'' 



(83), 



The case of the second surface will correspond to. that of the 
first, if we consider F the radiant point, and R the virtual focus^ 
« must be written in (83), for u, v for u\ and /for r; we then 
obtain 

m 1 j^ fii — 1 j^ m — 1 



m- 



(7-^)(7-r)"4- 



F2 
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1 m m — 1 lit — 1 



V r m 



a 



■(■f-=4^)(4-f)'* <»" 

but «' se: tt' 4. t, whence Jit. s=: .^..^! — , per&rmiiir Hie divinflfi 

•nd Beglecf^gf the powers of t above the £rst, 

m m mt 

AM 

^ We may &rther approximate to this yalae of — , by snbsti- 

v' 

ivAing for , in the second member of the equation, its ap* 

proximate Toloe, from (26), art 50, namely, 

l.= JL{JL+::iZlLV; whence, 

m^ _ _TO «_ / 1 , m— -I v^ . 

v' u' m \ u r / > 

ki which the value of ~ , from (83), being wntten, 

1/ tt r mxtt r / 

m --1 /J_ _ m + l v /J 1_V 3 y^ 



m 



we have 



By substitnting &r ^ , in equation (86), its vdue just j&ond, 



m — 1 r/ 1 



ii[(^-^)(l-l)'-(7-=4^) 

We see, in this fbrrfiula, first, the two terms which denote the 
reciprocal of the focal distance of an indefinitely small pencii; 
second, the correction fi)r thickness; and, in the last tram, the 
correction for aberrati<Mi. 

(102.) The general formula, (87), becomes less complex, and 
gives results of considerable practical importance, when applied to 
tiie case of parallel rays. 



" V 



« * 

Prop* XXIX. The -incident rays heir^ parallel, to determine the 
aberration of ike pencil after refraction by a epherieal lens. 

In this case, = o, vad (87) becomes, 

The correction for thickness, contained in the second term, has 
i^ready been separately considered, articles 55, 67, &c. ; we may 
thereibre leave it out of the question here, making in (88) f = o. 
Farther, to a^xroximate to the valve ef «, we may substitute &r 

* in the second member of the same equation, the approximate 

value JL , or (m — 1) ( j- I » obtained by making — 

f \ r f / u 

s= in (28), art 53. 

We have, then, from (88), 

,1 1 , w-rl f 1 /I m-}-l \ . 

T - 7"^ "ISJ" 175" Vv IT) 

or, taking die value of e, dindin^ by the denofDinator tbvis feomd, 
and.neglectiiig the powers of/ higher than the second, 

°=^ — ;;^Li^-Vt^ ~n; 

the a&erroHote in length^ therefore, is represented by 

m— iri /I w + U 
" = 5i^. 175 - V V •" -n/ 

(103.) To apply the formula just obtamed, to a double convex 
lens, r and / (art 66,) must be made negative, whence 

^ m^ I r3 Vr'^ // 
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m — ir 1 



a = 



m' 



This vahie of the aberratian having the positive sign, whik the 
approximate focal length has the negative sign,* its effect on the 
focal length, for rays not near the vertex, is sabtractive ; showing 
that the focos of sach rays is nearer the lens, than the focus of 
rays incident near the vertex. 

3 

(104) For an equi-eoncex, g^M lens, r = /, m s= , and/ 

sr r, disregarding the sign, since / has already been made nega- 
tive in (90) ; and from (90), 



9 Lr» ^ V r ^ 2r/ r* } 



y^r^ 



2 

a 
• » 



..or. 



= —. ill 
3 ' r ' 

If we suppose the beam of light to occupy the whole aperture 
of the lens, y becomes the semi-breadth, and y* = --. . 2r 

nearly, or y' = rt, and t = 1-; writing t for J!^ in the value 

r r 

of a, just found, 

a = 1|«. 
the result stated in paragraph 3, page 53, of the text 

3 5 

(105.) If m == — , and rir':: 2:5, or / = — r, we have 

^ • 2 2 

fitxn (36), 

_L = ^(m^^l) (± + ±\ = ^ JL . ± .and 
/ Vr ^ rV 10 r 

Substituting these values of m, /, and / in (90), recoQectixig 
that / has been already made negative in that equation, and that 
now its value is to be {daced there without regard to the sign, it 
gives, 

9 LH ^ \5r ^ 2 lOr/ 



\5r ^ lOr/ J 



•=T['+<T+l)(T'+i)']¥f- 

7 y« 

-6 / 

This is the Case of an uneqiuilly oontez lens, in which the more 
convex side is turned to incidentjight 

^06.) In the pUmo-eonvez leps, if th|» plane side be tailed 

towards panllel raya^ ^.^ ss o, txkd fz=^r^; if the material be 

r 
3 
glass, m = ^^ and from (90) we obtain 



d 






/ 

n» xendtgiTegpL Jo pangntph 1« jpage 53, pf the te^iEt 

In the same lenn^ with tl)e oonyez side tamed to parallel rays, 

— =zOt a»d /Baa^r,'Wh9noe £t>m (90), .r imd / havii^g ahready 

been made negfytiw, . 

/ 

Thereirit«teMincp«nig>ni|ih2,pa9e59,of4fae1aa^ . 

(107.) f'tk^f. XXX. 3b i2e««f«Mfi6 ^^-rvrfio '0f4ke ^FatUi-9f4he wr- 
/oces of a double convex leru^ tohieh thdU produce the ieaet abet' 
ration, toUha given focal length and aperture. 

To solve this question we must determine the ratio of r and /, 
when a is a minimum, / and y being constant . 

Differentiating the value of a given in (90), considering r and 
r' 1MB variable, and disre^;arding the constant multipliers, we obtain, 
after changing all the signs, 



^ 
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But fitun equation (36), art 62, we have 

_ 4- — _ = . _^ , whence, by cli£ferentiatiiifl|v 

r f' m~l / 

Sobttitating in (91) this Value of -j-^ , and dividing^ by At 
da^ _ _3 / 1 , m -f 1 \ 

(t^ + y) 7? - (t + 7") T^r ' 

which, by, the question, is equal to zero. Multiplyingrlliy r' we 
obtain 

-(-i-+7-)'=» <9*)- 

From equation (36), disregarding the sign of /^ 

r m — 1* / f' " 

Substituting this value in (92), and arranging the terms 

3 fe , 3 2 2Cm 4. 2) 

ff* (m — 1)/»^ "^ (m-,l)a/» 7^ /'' "^ ; 

2(m + l) 1 2 1 I 



r 

r 

I 



• 
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and by transpositioii and multiplication, 

( — 5 — -f Snt 4- 6\. — =- 

= / 1 — 2m — 3\ . J-. (93). 

V(m-1)« / / ^^ 

If the lens is of glass, or m = — , 

r' / ' "■ 6 '•'• 

but from (36) , 

J^_. J_^^J^__ _2 6_ J_ _ J2^ -Land 

/ . •" / 21 • / - 7 : / • 

12 -^ 
Coihparing together the values obtained fin* r and V , 

r ; / :: 1 : 6. 

This lens is known to opticians as the croaaed lens. With the 

more convex side turned to parallel rays the aberration is • ^ , 

14 f 

which is less than that for the plano<4X)nvez lens with the convex 
side turned to parallel rays. 

(108.) It would carry us beyond the limits of this Appendix, to 
go. into the investigation of the aberration of combined lenses. 

Before leaving this subject we purpose^ to show a method by 
which the surfaces which refract rays accurately to a pointy may 
be determined. 

Prop. XXXI. 7b determine the curvature of ike surface cf a me* 
dium, so that raye passing iiUo it, fnnn a rarer medium^ may hs 
refracted to a point. 

Hg.M. 



As we have found tu concave sur&ce to give only a virtual focus, 
we proceed,' at once, to examine the case in which the surface of 
the denser medium is convex. Let i2 be the radiant point, RL a 
ray meeting the surfoce at L and refracted to i^ : let £' be a pohit 
&rther from the vertex V than A -R^' being the incident and 
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L'F the refracted ny for this point. Draw the perpendicolafs 
L'lt and L'S upon, the incident and refracted rajs RU and L'F^ 
lespectivelj. X*i2' wiU he nearlj equal to the incr^raent of the 
inradent ray, and US to the decrement of the refracted raj, in 
passing from'the point L to V. Call RL, u\ ^nd LF^ — i/. Then 
i£ L' be supposed yerj near to L, LR = 4u% and I£ s^ dni. 

In the trianfle X'Ur, J^ ^ eos. UUJ ^ sin. incidewx. 



and in VI^ 
whence. 



XIr' 1 



jb$ COS. 5Z<£' sin. refraction 

LBk sin. inddence 



£« ~ sin. 



«r. 



OT»or, 



ial -^ min' rrz o (94^ 

the differential equation of the onrre which, bj a revohition about 
the axis J2F, wiU produce the sur&ce required. To integrate, let 
KV=z u, and FF s= — v, the complete integral tif (94) wiB be 

tt'~t»» «•(«'—•) (96). 

(109.) If the incident rajB be jMroUel, tt' — tt = VBi,Jig,^, 

Fig. v. 



If we put mf = A — x, (95) becomes 

A — X = m (v' — *), whence, 



, A — X 
t> = »' , or, 

lit 

t> = i/ — A -f f- ...'..(96). 
m m 



The &|aatton for the distance of anj point in an ellipse from 
the fiirfiier fbcus is, (Young's Analjt Geom. art 47, p. 72), 

v=s A -{. ex^ 

inwhidie <1; with this (96) agrees in form, and will be identicalif 

1 e ji , A J, 

— = e = ^_ , and v = A. 



m A m 
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Sabstitntiiiff ftr m in the fleoond of then eqnataooB, its ▼ahie 
fiom the fint| 

We find, then, Ihat <m dtipBtid nf whieh ike semi-tramvene 
ax%8 i$ to the exeenlricity a$ the index of r^raction i$ to tauty 

I _ = mj totS refract poralld rayt, aeeuratdff, to Ae farther 

foato. 

If a lens be fonned, of which the first surface b a portion of 
the ellipsoid jost determined, the second sorfiioe should be (art 99.) 
a ^portion of a si^iere, having the fiutber fiNms of the ellipsoid as 
its centre (Jig. 38, text). 

(110.) Equation (95) may be applied to the case in which the inci- 
dent pencil passes from a denser to a rarer medium, through a con- 
cave surface. Then FL, FL\ fig, M, would represent Ae incident 
rays, and Zi?, UK the refi'acted rays, and the ratio of the sine of 
incidence to the sine of refiaction would be represented by the 

firaction ; substitntbg this ibr m in (95) we have 

m 

tf' — tt = J- (c'— t>) (97). 

m 

For the case of parallel rays, i^fig, 40., p. 55, text,) by -proceed- 
ing as in the last article, makmg »' — ti s it — x, 

j^ — « s= m (^ — x\ and 

t> s= »' — mA -f mx ; 

an equation of the same form with that before obtained, and re- 
presenting the distance of a point in a conic section fixmi the 
fiirther focus ; in it 

m = e =: -£. , and %' — mA s= A* 
A 

Since m > 1, e > 1, and the equation belongs to a hyperbola, 

(Young*s Analyt Greom., article 79, p. 104,) the equation ^ 

wiuch is 

v' =s it 4- mA ss ^ -I- c. 
« ' ' 

I^ then, we form a lens with the firot etarface ptane^ and ike 

oeeond that of a hyperboUnd of which the excentricity is to the semt- 

traneverse as the index of ref taction, of tht material of the leno^ 

is to unity, paralUl rays, inctderd perpendictdarly^ upon the first 

outface of the lens, wul he refracted to the farther focus if the 

hyperhoUnd uihich forms the second surface {fig, 40, text). 

(111.) The cases in which the aberration of converging rayifi 
upon a spherical surface is ^^ero, (art 99,) are contained m (95) ; it 
18 unnecessary, however, to discuss it farther. 
G 
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(USL) Hie ftnns of miirors wifhoot abemCioa may abo be 
inftned fiom the eqnatknis jost diecwwed. The eonsejp nunar 
will be gxfen by malung m s= — 1 in (94), wfaenoe, 

ixS -[. 420 = 0, and integrating 
^^-e (-©) = C (98). 

By tfaiB property we recognize the hyperbola, the difltanoei «' and 
-e^ being thoae of the point, from the two fiid. 

For a ooncaYe mirror, vl and i^ have the same agn, in equation 
04), and 

ini 4. J«'s= o, or, 

»' + t/ s= C (99). 

Hie mirror is an dUptoid, the radiant fohit eoineiding wiA one 
JbcuM, and Ae ray bang eoUected at the oppoaite foeaa. 

If one fbcas remove to an infinite distance, the ellipaoid becomee 
a parabobid, into the fiicos of which the rays which have been 
ggppoBBd parallel are collected. 

Caustics by RefUxion, 

(113.) It 18 not intended to enter folly into this sobject in rda- 
tion to both reflexion' and refraction, hot to confine the dJaeossion 
to examples of the caustics produced by reflexian. 

The fermula fi>r the oblique pendl, art 29, &&, gives, in certain 
cases, an elegant and easy method of determining the form of a 
section of the caustic surfiux, produced by refiexiaa fiom a 
spherical mirror. 

Pbop. XXXn. 7b determine the form of the caustie produced hy 
ihe reflexion of a pencil of rays from a spherical mirror, when 
the rays are parauel; and also when the radiant point is at a 
diameter's distend from the vertex of the mirror. 

First. When the radiant point is infinitely distant, or Ihe rays 
paraHd. 

LDM representing a section of the mirror, let RL be a ray mei. 
dent upon it and reflected into LB; then, the ibcos of a smaH 
pencil meeting the mirror near to L will be the point F found fixan 
the -value of o in the equation which concludes art 30, namely, 

e = JL . COS. ^. 
2 

To construct this value of f) ; let fiJl fix>m C, CP perpendicular 
' to the reflected ray LB, then 

LP SS3 1/a . COS. ^ = r . COS. ^, whence, 

- • = -3-- 




■^^ 



T*" 



OBAF. ▼« 
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mK«ALCinE,9ndLP'mF,^MaiLFBiB9Ln^wn^; the 
point Ff of the caustic, is, therefixe, in the drcimilereDee of a 

circle of which LE ^ — £C if the diameter. This heinf troe 
of each point in the carve, the canstic curve is an epicycloid, the 

Rg.O. 




diameter of the generating drde of which is eqoal to the radius of 
the base; this ktter being half the radius of the mirror. Tlusciirve 
and the circle LDM revohmig about DO, as an aiis, would eene- 
rate, reqiectivel/, the siirfiu» of the canstic and that of the minor. 

Sboord. Let the radiant point be at the extremity of the di- 
ameter of the mirrcnr. 




The* ray RL is reflected into LB. To find the position of F 
upaa LB^ we recur to eqnalian (11), art 39. 
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+ — = 

V 




r^CKM,^ 



Drawing CP perpendicular to RZt, 

LP = r . COS. ^, whence, 
2 4 



-+4-= 



XP 



J£L 



_4_ 



1 3 . 

— = — , or, 

V u 



» 

T 



LB 



If CE be made = , tbe perpendicular fitm £ to LB wiD 



intersect it in the focua JF. The locos of these fixa is, therefore, 
an epicycloid, of which the diameter of the generating cirde is 
to the radios of the base as two to one. This ewe is the cardioid. 

(114.) In considering the sobject in a more general point of 
view, we may determine the equation of t^ cmre of secti<» of 
the canstic, t6e position of the radiant pomt and section of the 
mirror being given. 

Prop.XXXUL To determine the equ9timi^ the curve mhi€ki9 the 
section of a caustic formed by a curved mirror. Tke seetivn, 
being made by a plane passing thraagh the axis of the mirror. 

We refer the eurve to pohr dKordinalea, the 
thepcde. 




Let B and R be two points very near each otho* opon the conre 
whidi is a section of tl^ mirror ; let C be the centre of the esca- 
lating circle to the corre at either of these points, so that the 
portion of the circle and carve nearly coincide betwe^i B and 0. 
RB, KB representing two incident rays, fiF, BF are the re. 
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fleeted njB, Gall RB r=u^BF=^ e, the angle RBC as ^, RVC 
8s ^', the perpendicular jRP, npon the tangent BP, s= |x, the ra- 
dios CB s CB' s= r. Join FR and |et &11 the perpendicolar 1SQ» 
upon BF, F being a point in the caustic^ FR is the radius 
Yector of that point and RQ a perpendicular upon the tan^^ent ; 
call RF, u\ and J2Q, y. An equation between v! and jf will be 
that of the caustic curve. 

In the acute angled triangle RFB^ since the segment BQ as 
IKB. COS. BBQ, • 

«'3 s- «a -f. v3 -. 2tt« . cos. 20 (100) ; 

and in the right angled triangle RBQ 

jy'ssii.sin.30 (101). 

To eliminate cos. 2^ and sin. 2^, we proceed as fi>Hows. Since . 
KP and CB are perpendicular to BP^ they are pandnl, and the 
angle PRB » iSBC « 0, ai^ 

cos. ^ =z JL , , 

u 
But, by trigonometry, 

cos. 20 s 2 cos.a — 1, 
and by substituting for cos. <p the value just given, 

008.20 = ^-1. 

tt? 
» We have also, by trigonometry, , , 

sin. 20 s \/l — cos.^^0, or, 



^ V mS ..4 



tt* 

2fl /I ^ 
sin. 



tt ^ tt* 



Substituting these values of cos. 20 and sin 20 in (100), and 
(101), respectivdy, we obtain 



tt'S 



= «« + Da_2ttt) /^ — 1\ , and 



/=2;,/r:z: (102). 

I 

The value of w'^ may be written under the more simple form. 



tt'a = (tt -u »)»- ±!l (103). 

u 

G2 
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Hie rdatioii between u and v given by efjoation (11), art 29, or 





. f- 


1 


r. 


9 






COS. ^ 




may be appUed to thin case 
the oeQulatmg circle, which 


by taking 
is, 


r to represent the mdiuB of 


SubstitutiDg 


r 
this value fbi 


r, 


udu 

dp 


9 


^ 


tt V 


2 




K 


Hdp 


• 


~~ vdu „ 


ftm * 


udu . COS. 





<^ 



COS. = i , 

J_ + L = i^ , whence, 
tt t) pdu 

1_ = ^tfj>-/^ , and 
V pudu 

V == ^^" (104). 

2tt(ip — pdu 

If this value of o be substituted in equation (103), we shall 
obtain a new equation, which, il^ conjunction with (102), will give 
tile relation of u' and p- in terms of u, p^ du^ and dp. The relation 
of the last four quantities mentioned will be given by the equation 
of the reflecting curve and by its difierential ; eliminating these 
quantities, there will result a single equation between tt' and p\ 
tile equation of the caustic curve. 

(115.) To give an example of this method of proceeding, let the 
reflecting curve be any portion of a logarithmic spiral, of which 
the equation is, 

p s= ifin. 

The general value of o (104), is first to be applied to this par- 
ticidar case. 

Differentiating the equation of the corve, 

dp r= mdu^ whence (104) becomes 

padu pu pu 

2mudu — pdu 2mu — p fip-^ p 

This value of v substituted in equation (103), gives 



tt 
tt'* = 4a« — 4j««tt» = 4tt» (1 — m«), and 



tt'i -J, 4tt« _ ^ * = 4tt2— .V. or, 

tt 



1 
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tt'^Stf VI— -ma. 
AIbo^ fiom (IQSI), 

or, since we hate just fiycmd 

2u V l — ma = a' 

y = Witt'. 

The eectkiii of the caustic 8orfiu» is, therefoxe, a hgariUmm 
9fm^ difkring only in pmtitffL faom the refieeting curve* 



CHAP. VL 

ON THE DOUBLE BISltAGTION AND POLABIZATION OF LieBT: 

. (116.) AltjxNigb it does not enter into the design of this Appen- 
■ diz to show the method of deducing, £rom theoretical considera* 
tions, any of the general laws of Optics, I have thought that it 
may assist the student to give the fi>rmulffl to which these consid* 
orations lead, or which have been deduced fiom experiment, in 
certain particular cases, discussed in the text The formula, or 
general law, onoe remembered, the details of the phenomena flow 
naturally from it, and the memory is not tasked to recollect indi* 
vidual results. 

DoMe Refraction of Light 

(117.) The formula whidi represents the law of extraordiiiary 
refraction in doubly refiracting crystals, becomes, when the inci- 
dent ray is in a plane passing through tiie axis of the crystals, 
«'« 5= «« _ (ipjs _ «'3) . gin^ s ^ (106)^ 

in which tn' is the index of refraction of the extraordinary ray, m 
tiiat of the ordinary ra^, and ^ the molination to the axis. In the 
spheroids constructed m the text (^s. 77. and 79.), to ffive the 
index of refraction of the extraordinary ray, if the ^is i^ich co- 
incides with that of the rhomb be called 6, and that perpenmcular to 

the same axis a, then by the construction a =: — . , and 6 = — , 

mf m 

whence (105) becomes t 

m'a = JL — (- -\ • sin. 2*. 

A$ long as III > m', or --_ > __, that isa > ft,— |-i -\ 

\b^ a^/ 



1 
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80 i2Vcn>E2rcK oic a sbc&sd cststal. apfshdiz. 

{fig'T^ ^^ ^ Degith^ whence te tenn cryttaU with a w;^ 
five asoM which applies fo this daM. Whm a < 6 (^. ^), 

— . ^ — or »' > fli, and f ^i beco m eB addithe, and 

the CTfitab aie said to be crfrfoZf with a psediee cm d^donlile 



(lia) In tile plane ofprindpalaectioQ the tansents of the an^ 
of extnMVifinarf and of or&iaiy lefiaction aie in a oanatant ratio 
to eadi other. In tiie plane perpendicvlar to tfais, the hw of flie 
einea ap^riUes eqaaDy to the extnuxdinarj and to the orfinarf ray, 
hot the Tahie of the constant qnantitj is different ibr the two rays. 
Theae are the onitf two cases, in wMdi the eztraardinanly refracted 
ray is ctmtained m the pitoe of inddenoe. "^^ 



(119.) When fight which has been polarixed hj doable refractian, 
in the plane of principal section of a crystal Iceland qiar {fi^ 
84 and 85., text), passes throogffa a seoGod ci^FBtal, the rdative 
brigfatnesB of each image, sof^josing. that no light is lost by re- 
flenon or absorption, may be expressed by the IbOowing fbrmnla; 
in wfaidi Off, Ee^ Oe, and Eo r e p re s e nt tlie images formed as de- 
scribed on pape 140 of the text, a is the angle which the plane at 
principal sectiotii of the second rhomb makes with the same plane 
m tiie first, and ji is the brightness of the incident ray. 

1 i 

Oo zzs -^ A. C08.3 a = JSs (106). ^ j 

Oez=:l.A. sin.3 a = £^ (107). 

2 

The sum of the brightness of the finr images, 
Oo-\.Ee+Oe-{.Eoz=A (cos.» a -f bul* a) = A. 

From the foregoing formuIiB (106. and 107.) we may trace the 
changes of Inigbtoess in the sevcoal images, as described in pages 
140, 141, of the text {Jig. 86.) ' 

When the principal sections are paralle], a ^= 0, cos. a =: 1, and 
fin. a =s 0, thereicTO 

Oo=:Ee=:z La Oe=zEo=:0. ! 

. 2 

By tmning the lower crystal, a assmnes a finite valtie and the 
ima^ Oe, Eo appear. As a increases, sin. a increases and cos. a 
diminishes ; Oe and Eo, therefore, increase in brightness, and Oo, 
Be decrease. When a = 45°, cos. a = sin. a, tod the fimr im- 
^eB are equally bright The angle a increasing fiurther, Oo and 
& become more and more fiDttt,and diaappear wfae^ a r= 90^; at 
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iStoA angle Oe = JEb = — A. The rotation of the lower crystal 

• 

being oontinned beyond 90°, cos. a takes the negative rign and 
increaaeB negatively, while sin. a again diminishes ; wfara a =3 
180°, 008. a=s — 1, sin. a = 0, and Oe, JEo again disappear. At 
this angle the two images O0, Ee coalesce, the two extraordinary 
refractions taking place in opposite directions. ' 

Pdarixatiim qflAgkt by R^lexion. 

(120.) When ti^rht has been polarized &y reflexion from h sor- 
fiice, npoQ which it fills at the maximum jniarixing angle, the 
fi»Qowing empyrical fbrmnla, determined by Mains, wiH represent 
the intensity of the liffht reflected from another snrfa^ upon 
which the pencil is incident at the polarizing angle: {fig, ^, page 
143, text) 

/;= A. cos.a #..... (108), 

in which / is the intensity of the reflected light, A that of the inci- 
dent light, and a the angle between the plane of incidence and that 
of the second reflexion, or the azimuth of the plane of the second re- 
flexion. When d s 0, or 180°, / is a maximmoi and when a =s 
90<^, or «70°, / =s 0, and no light is reflected. 

As a consequence of this law, a beam of common light, as far as 
brightness is concerned, may be represented by two beams of 
polarized lig^t, having their planes of polarization at right angles 
to each other : fer, the angle between the planes of polar^ation and 
of reflexion of the one &ing called a, that of the other will be 
90° — a, and flmn (106) we shall have, lor the brightness of the 
two reflected pencils, 

/ =5 il. C0S.2 a 

r =* A, C0S.2 (90 — a) = il. sin. *a; 
whenc^ 

/ -f /' =s it (COS.* a 4. sin.3 a) « il, 

the sum of the intensities, of the two supposed pencils, remaining 
the same whatever be the angle a, which is characteristic of com- 
mon light 

Equation (108) applies to the case of light polarized by refirac- 
tirai, and incident upon a reflecting sorfiioe at the an^ of com. 
plete polarization, a being the angle between the plane of polariza* 
tion of the incicbnt ray and the plane of reflexion. 

(121.) The law, deduced by Sir David Brewster, as expressing 
die relation between the phenomena of refraction sdA polarization 
hff reflexion, when light faUs upon the first surfiioe of a body, is 

tan. P = m (109). 

P being'the polarimng angle, and m the index of reflraction of the 
material used. 
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From this formula, if we suppose the light to be incident at the 
p^iyr iMTig angle, and call R the angle of re&actian at this inci- 
dence;, 

^ p_8in,P .j^tamPm °°- ^ .whence 
Bin.ii cos. P. 

, sin. iZ = 008. P, (110), 

or the maximmn poiarizing angle is the complement of the cor- 
respcmding angie of refraction, and the reflected ray is perpen- 
dicolar to the relBracted raj. 

(123.) If the light which has passed through the first sorftoe 
fidl npon a second, parallel to the first, the anirle of incidence npon 
the first sorfiioe bemg P, that an. the second is R, and'JR c= 90 ^ 
P (110); whence, 

tan. R =s out P: but cot P = — = . — , and theiefiire, 

tan.P m 

tan. if = ~ 
m 

or the tangent of the incidence upon the second sor&ce is ths 
index of tlw refiraction from the denser to the rarer medimn. R iB, 
therefore, the angle of polarization for the second snrfiice, and the 
li^ reflected from that surface, as well as that fiom the first, will 
be polarized. 

Law of Partial PoUirizaUon of lAgkt by Refiexiofu 

. (123.) Sir David Brewster has verified by an extensive series of 
experiments a law, which is doe to Fresnel, by whidi the effect 
of any nmnber of reflexions, on the inclination of the planes of 
polarization of a beam of light, may be determined. The effect 
of a single reflexion at an angle dicing firom the polarizing angle, 
is given by the equation 

tan. * = tan. x ^ ^, + t? C^")' 

^ cos. (t 1 ) 

in which formnla, t is the angle of incidence, t' the corresponding 
angle of re&action, x the primitive inclination of the plane of 
polarization of the polarized ray to the plane of reflexion, and ^ the 
inclination of the same planes after reflexion. The angle t — i' is 
evidently the deviation produced by refitiction, and t _{. T is the 
supi^ement of the angle between the reflected and reflected rays. 
When X ss 450^ the case considered in the text, p. 150, tan. x = 1. 
and 

to.^„ cc«.(» + iO (112). 

cos. (» — r ) 
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(134.) Tlie effect of stieee$$ne r^exuma of a pencil of comnxm 
fight, or in which x = 45^, may be deduced fiom the first equation 
& the Talae of tan. ^ (111) ; for if represent the inclination of 
the plane, of poJarintian to that of rdiexioa after n reflexions, 
tan. = ten.* f , x and f preserving the same relations to each 
other after any nmnber of reflexions ; whence^ 

f°. » = "*<! + S: ai3). ' 

008. (» — r)" 

Since tan. 9 = tan." ^, and by the supposition tan. ^ is not zeroi 
it appears that a]thoa|[fa partially polarized light may haTB ite 
planes brooght indefinitely near to parallelism, by increasing the 
nmnber of refiexioDs, yet tan. 9, and therefiire 9, cannot become 
ahtchadjf equal to zero by an^ number oi reflexions. 

The formula fi>r the quantity of the apparently polarized light 
could not, advantageously, be introduced in this plaoe.* 

Poiarization of Light by ordinary Refraction, 

(125.) From an examination of the effect produced by a single 
surfiice upon the two phines of poiarization in the beam of common 
light, Sir David Brewster inferred, that it depended upon the angle 
of deviation of the ray, and was represented by the formula, 

cot ^ = cos. (i — (114). 

in which ^ is ihe inclination of the planes of polarixation to the 
plane of the refiraction, and t and t' the angles of incidence and 
refiraction of the ray. When t — »' = 0«> or » = 90° cos. (t — 
ss 1, and cot =s 1, or ^ = 45^, and no change is produced in 
the inclination. Wlhen i — i' s= 90^, cos. t — t' = 0, and cot ^ 
« 0, or ^ = 90«>. 

When the light is not' common light, or light in which the 
planes of polarization are inclined 45° to the plane of refraction, 
if X be taken to represent the inclination of the planes of polariza- 
tion of the beam to the plane of refiraction, 

cot = cot X, COS. (i — t') (115). 

If the li|^t &11 upon a second surface, parallel to the first, xjbt 
that surface is the value of <p found for the first, and if be called 
the indination after n refractions, - 

cot 9 = cot" # =xjot» X, GOB." (i — (116). 

When oot x = 1, that is^ in the case of common light, 

cot9=coe.» (i — (117). 

(136.) By combining this formula with that for the partial polar- 
ization by reflexion, we can readily obtain tbe effect produced upon 
light, which should reach the eye, afler two refiractions, at the first 
sur&oe of a plate, and an intermediate reflexion at the second * 
surfiice. 

I .1. ■ I I ■ ■ » I. - I I. ■ ■ I ^ .1. ^ , m •! < It 

* Sir D. Brewster, in PkiL TVan*. (Lon.) 1830. 
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Let f represent tiw indiiiation of the plane of pohriialMn to 
that of refinetion, after refraction by the first surface of the plate ; 
^ the nidhiation produced by the refleiion at the second sor&ee; 
and ^" tint produced by the second refraction at the first smiaoei 
as the ray emerges. CaOinn^, as before, i the ang^e of inddenoe 
on the fi^ sor&ce, i' that of refraction, and x the inclination of 
the planes of pokiization of the ineident fight to the plane of inci- 
dence ; then from (115), 

cot ^ s= cot X . COS. (i — iX cr tan. # = ^L-^ . 

COS. (i— r) 

TVom fiirmida (111), ^ partial polarization by reflezian, 

^ cos.(i — tO cos.(t— r)« 

Equation (115), applied to the second sur&ce of the plate, gives 
cot ^^ = cot ^' . cos. (t — t*) ; 

whence, by snbstitating fiur cot ^' the reciprocal of the value jost 
frond ftr tan. ^, 

tan. X cos. (t 4. t) 
oi*.f''=cot*.i2!l^II^ ....(118). 

008. (t -I- 

For oommoii ligfat, in wfaidi x = 45^, 

cot s cos. (» — O* 

tan. ^' =«»•(» + »') 



COS. (» — »')* 

cot»-= ^'^!-'^' (119). 

COS. (1 -I- V) 

I^ in this latter case, 

cos. (i — 03 = 008.(1 + 0, 

cot0"rsl, or ^"=450, 

and the light polarized by the first refiraction and the intermediate 
reflezidb, will be restored by the refiractioQ at emerging, to the state 
of common light The above equation will be satisfied in glass of 

which .??iL = m = 1.525, at 78° 7'.' 



sm. 1' 



If COS. (i— 0' > cos. (» ^- i\ which would occur by dimio* 
iahhoig t, cot ^'^ >^ 1, and ^'' < 45°. 

If COS. (1—0? - COS. (t 4. tan. ^'« 1, 0'«45o ortheUght 
polarized by the first refraction is restored to common light by the 
reflexion. When refiucted at the second sorfiioe, since, 



1 
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'^<*'-^/ = cos,(ilr). ^^-C^-O' ^^(i^,^), 

COS. (i -j. i') ' t50fl. (• -f > 

or the light is tepoibirized «t.fhe seoond refractioD, and the efi^ of 
the plate is that of a single siirfiu^* 



(fflAP.vn. 

OF THE BAINBOW. 



(la?.*) To explain the thenty of & ninbow, we begin by the 
fiiDowing pn^position* 

Prop. XaaIV. ArayofU^ emehawfinaOing sphere, U re- 
fleeied amy manberef timee, and tmerges; U determine the dema^ 
tion when it tea maximum, or mintmum, 

' Fig.R. 




— s 



Let .R£ be a ray of lifi^ht, meeting the refracting sphere LMNP 
at Jj, <uicl refracted into Ulf; £M m^ris^ the oeoond snr&ce of 
the si>here at Jlf, is in part reflected into ^V', which &rther suffers 
reflejdoB at 2VP, taking the direction NP; that part of NP widdx 
h not rejected* passes out of the sphere, being refracted into the 
direction PF. Bv the law of reflexion the angles dML, CMN, &0., 
jare all equal to fuLM the angle of refraction at the first surface; 
Hxd angle of emergence IPF is, th«refi^ equal to the angle of 
incidence RUT. Oall the angle of inei<lenbe^ ^, that o€ refraction 




deviation prodnced by ihe first refi^seDf, or EMN =» 180 — LMN 
«a 160 -^ 3^', and at each succeeding reflexion a new deviatiaa of 
equal amount is produced ; the total deriafion, therefore, aite^«i re- 



•.'•- tVk'\ 



*^llmxAt by Sir D. Rewster, in Pm. Tntite, <Lob.} ]fliR». 
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flezians 18 ISOn — 3fi^'. The ram of the effects prodnoed by bath 
refraction and reflection is, callmg i the total demUon, 

« = 180« — 2ti^' 4- 2 (^ — #',) or 

a = 180n + 2^ — 2(«+l)^' (120). 

In wUch equation ^ and ^' are omnected by the eqnatioo, (17, 
art^,) 

■in. ^ s=s m. sin. ^' (17). 

When ^ is a mazimnm or minimnm, di sso, and by difieren- 
tiating (120,) considering f and ^' as yariaUe, 

2i^-^2(n + l)«r^'=io,or 

iJ^=(« + l)<V. 
By afierentiating (17), 

li. sin. ^ =s m. d sin. ^', or 
008. ^ ,d^ ssm. 008. ^' . d^', 
in which robstitnting the Tshie jnst fiivind for d^, 

(n 4- 1) 008. . d^' » m COS. ^' d^', and 
(« -[. 1) COS. ^ =s m . COS. ^'. 

To combine this with (17), square both equations and add, we 
faave 

8b. a^ -f (« + 1)8. cos.a ^ = ma. (sm.* ^ -f. co8.« ♦O 5 
but, sin.' ^ ss 1 — 008.' ^, and sin.' ^' 4. cos.' ^' ea 1, whence 

co8.« ^ ( (« + 1)3 — 1) + 1 « m« 

(n-f-l)*— 1 n^^fin ii(n + 2) 

co8.*= y^El (121), 

^n(» + 2) 

(128.) The primary rainbow is fermed by two refractions and 
one reflexion of the son's fight, Ijj drops of nin, as shown in Jig, 
134^ page 224 of the text 

ProNdncing the incident and emergent rays RP and Og, mitil 
they meet at q; (120) gives by making n » 1, * 

a ==180 4. 2^ — 4^'. 

The angle q (RqO) is the stqyplement of the deviation i, whence 

5=4^' — 2# (122), 

and nnce q increases as i diminishes, 9 is a mazimnm when ^ is a 
winimnm. Near the maximnm value, q win change leas for a 
given change of incidence than at other values ; and near this iiiaxi« 
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mom, therdbre, the incident pencil will emerge meet oopioiuly, and 
tSdd the eye most strongly. When ^ is a minimvm, we have fixxn 
the preceding article, by making n = 1 in equation (121), 

«».#=-y5^r.....a23); 

in which, if fi>r m, the index of refraction of water for 'the dif- 
ferently oobred rays be sabstituted, the angle of incidence will be 
femid at which each color is most copiously transmitted to the eye. 
The angle ^ will be given at the same time by equation (122), and 
by the relation, 

sin. = m . sin. ^' (17). 

To determine the limits of the value -of q for the differently 
colored rays, we take the value of m for the least and most refran- 

108 
giUe of those rays : for ihe'red m z=z —. , and for the violet m 

81 

109 
= . These values substituted for m, in equation (123), we 

ol 
obtain from (123), for the red rays, 

COS. s= .5092, == 590 21', and sin. = .8603, whence from 
(17) sin. ift' = .6452 and f = 40° 11' ; therefore from (122), a =3 
I6O0 44' — 118° 42' = 420 g'. 

For the violet rays the same equations give, 
COS. ^ s . 5199, = 58^ 41 V» and sin. = .8543 ; whence sin. 
0' = .6352, and ^' = 39^ 25', and j' = 157° 40'— 117° 23' = 
4XP 17'. 

The breadth of the bow is measured by the angle qO^ s= OnR — 
}'=:j — 5'=s42o 2'--40oi7' = P 45'. This supposes the 
rays to flow from a point. The angle q being greater than 9^, the 
line Oq is above O^, and the red is the highest color in the bow. 

(129.) The secondary rainbow, shown in tiie same figure of the 
tezit, is formed by two reflexions and two refractions: it corresponds 
to the case of m = 2 in the formula for the deviation. From this 
formuhi (120) 

a = 360 + 20 — 60' ; 

but the angle GqO between the incident and emergent rays is the 
excess of Sie angle of deviation above two right angles, whence 

y = 180 4- 20 — 60' (124). 

By the same reasoning which was, used in the preceding article, 
it may be shown, that the different colors will be transmitted most 
copiously, at incidences given by equation (121), in which n = 2, and 
m is the index of refiraction corresponding to the colored lays of 
which the incidence is sought From^l21) ^ 

cos. = /flilzii (125). . 

o 
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Hw rdatioB of f and ^' it pmn by 

am. ^ ss m . un. f ' (17> 

The limits of the Talue of q will be found by placiDg for m in 
(125), and (17), the index ^ lefractin for the least and most 

refr«mUer.,.,arm = i^»dm-?g:. 

By prooeeding as in the last article, we have for t^ rsii rays : 
QGS. ^ « JI118, f » 710 49^', sin. ^ IS ^501, sin. ^'s . 7126^ 
^' s 450 27', Bndq^SQP ST. 

For the moZef rays: cos. ^ = . 3184, ^ s 7P 27}, sin. ^'a 
.7046, ^' = 14'' 48^, whence ^ ^ 54P T. 

The angle, 9^, for the violet rays, being greater than the cor- 
responding angle for the red, the violet is higher than the red, in 
the bow ; the colors are therefore inverted in relation to those of 
the primary. The angle g^O^ = 9^ — g = 3° 10'. 

The angular distance between the bows, tfiq = 50° 57'— -> 42^ 

2^=80 55'. 

(130.) The breadth of the bows, and of the space between them^ 
having been measured on the supposition that the rays flow from 
a point, correction must be made for the apparent diameter of the 
solar disc, which is about 32'. On this account the breadth of 
each bow is increased by 32', so that the primary is 2<^ 17' in 
breadth, and the secondary 3° 42'. The breadth of the space be^ 
tween the two bows is, thus, diminished by 32', and is 8° 23'. The 
angle, ?, for the bigfhest red of the primary bow vnll be (42° 2' -f 
160 ^^ 1^; whence, if the sun is more than 42° 18' above the 
horizon, the primary bow is not seen ; the corresponding limit for 
the secondary bow Is 54° 23'. 

(131.) A portion of the fight which enters any drop of rain, is 
lost aj; each reflexion : for, by art 41, in order that total reflexion 
shall take place at the separating surface of the denser and of ^e 
rarer medium, the relation m sin. ^'=1, or > 1, must subsist; 
but from the investigation it appears, that sin. is always less 
than unit^, and that the condition necessary to total refieidon is 
never satisfied. The colors of the secondary bow are therefore 
fliinter than those of the primary. 

The method of investigating the theory of the bows formed by 
three or more reflexions combined with two refractions, must be 
obvious from what has been sa^d in relation to the primary and 
secondary bows. 
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A. 

Aberration, sphericsl, of lenses and 
mirrors, 51 ; longitudinal ; lateral, 
52. Appendix, 55. By a single re- 
fracting surface, App. 61. By a lens, 
App. 65. Values of, for different 
lenses, 56; App. 68. Cbromatic, 74. 

JEpinus, M., his experiments on ac- 
cidental colors, 256. 

Air, tbe absorptive poWer of, 120. 

Amici, professor, of Modena, pro- 
poses various forms of the camera 
lucida, free fh>m the defects of Dr. 
Wollaston's, 278. Revives the re- 
flecting microscope in an improved 
form, 286. 

Analcime, the polarizing structure 
of this mineral ; derives its name 
from its property of not yielding 
electricity by friction^ 183. . 

Arago, M„ the colors produced by 
crystallized iriates in polarized 
light, studied with success by Biot 
and other authors, first discovered 
by. 157. 

Archimedes, the manner in which 
he is supposed to have destroyed 
the ships of Marcellus, 264. 

Atmosphere, the refractive power -of 
the, 215. 

Axis, of lenses, 32. 

B. 

Barlocci, professor, his experiments : 
finds that the armed natural load- 
stone had its power nearly doubled 
by twenty-four hours* exposure to 
the strong light of the sun, &5. 

Barlow, his achromatic telescope, 
304. 

Barton, John, produces color by 
grooved surfaces, and communi- 
cates these colors by pressure to 
various substances, 106. 

Batsha, the tides of, explained by 
Newton and Halley, 119. 

Baumgartner, M., his experiments : 
discovers that a steel wire, some 
parts of which were polished, the 
other parts without lustre, becomes 
magnetic by exposure to the white 



light of the snn ; a north pole ap- 
pearing at each polished part, and 
a south pole appearing at each un- 
polished part ; obtains eight polea 
on a wire eight inches long, 84. 

Beams, solar, diverging, S^; and 
converging, 234. 

Berard, M., his experiments on the 
heating power or the spectrum, 82. 

Berzelius, M ., his experiments ott ab- 
sorption, 15t3. 

Biot and Arago on polarized light, 
149. 

Blackadder, some phenomena both 
of vertical and lateral mirage, 
seen by him at King George's Bas- 
tion, Leith, 219. « 

Blair, Dr., his achromatic lens, 77. 
Constructs a prism telescope, 303. 

Bodies, absorptive power of; the na- 
ture of the power by which they 
. absorb light, not yet ascertained ; 
all colored transparent bodies do 
not absorb the colors proportion- 
ally, 120. Absorb heating rays un- 
equally, 316. Natural, the colors 
of, 235 and 320: 

Bovista lycoperdon, the seed of, 101. 

Boyle, his observations on the colon 
of thin iriates, 90. 

Brereton, lord, his observations on 
the colors of thin films, 90. 

Buchan, Dr., case of unusual reflex- 
ion, 222. 

Buflbn, constructs a burning appa- 
ratus ; the principle of it explained, 
264. 

C. 

Camera obscura, an optical instru- 
ment, invented by tlie celebrated 
Baptista Porta, 274. 

Camera lueida, invented by Dr. Wol- 
laston, 277. 

Cameleon mineral, 239. 

Carbon, sulphuret of, of great use in 
optical researches ; employed as a 
substitute for flint glass by Mr. 
Barlow, 305. 

Carpa, M., and M. Ridolfl, repeat 
Dr. Morichini*« exj^riment wiA 
success, 84. 



* The Appendix referred to is that of the American editor, unless when 
the contrary is u.vpres8ly stated. 
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Cassia, oil'of, 31—73. 

Catoptrics, 13. App. 0. 

Caustics formed by reflexion, 5S. 
App. 74. Formed by refraction, 62. 

Charcoal the most absorptive of all 
bodies, 130. 

Chevalier, M., of Paris, makM me 
of a meniscoB prism for the ca- 
mera obscnra, 371. 

Christie, Mr., of Woolwich, his ex- 
periment confirmed by those of M. 
Barlocci and M. Zantedeschi, 84. 

Coddington, Mr., his observations on 
the compound microscope, 384. 

Colors, accidental, and colored 
shadows, 354. Phenomena of, il- 
lustrated by Tarious experiments, 
3£0. 

Compression and dilatation, their 
optical influence, 303. 

Crossed lens, App. 09. 

Crystals with one axis of double re- 
fraction, 138. Whether mineral 
bodies or chemical substances have 
two axes of double refraction, 133. 
A list of the primitive forms of, 
according to Hauy, 134. With 
one axis ; system of colored rings 
in, 173. The influence of uniform 
heat and cold on, 303. Composite 
exhibited in the bipyramidal sm- 
phate of potash, 306. In apophyl- 
lite, ib. In Iceland spar, 308. The 
multiplication of images by the 
crystals of calcareous spar with 
one axis, 310. Difierent colors of 
the two images produced by dou- 
ble refraction in crystals with one 
axis, 311. 

Cubes of elass with doable refrac- 
tion, 199. 

Curves, caustic, fbrmed by reflexion 
and refraction, 58. App. 74. 

Cylinders of glass with one jwsitive 
axis of double refraction, 197. 
With a negative axis of doable 
refraction, 196. 

b. 

D*Alembert, 304. 

Davy, Sir Humphry, repeats Berard's 
experiments on the heating power 
of the spectrum in Italy and at 
Geneva; the result of these ex- 
periments a confirmation of those 
of Dr. Herschel, 83. 

De Chaulnes, duke, 98. 

Descartes, 54. 

Deviation, angle of, 33L App. 37. 

Diamond, 31. 

Dichroism, or the double color of 
bodies, 310. 

Dioptrics, 36. App. 36. 

Dispersion, irrationality of, 73. 



Dispersive powers, table of. Author's 
App. 310. 

Di Torre, father, of Najries, his im- 
provement on Dr. Hooke's spherea 
fbr microscopes, 380. 

Dollontl, Mr., the achromatic tele- 
scope brouffht to a high degree of 
perfection by, 76. 



Ellipsoid, 54. App. ^ 

Englefield, Sir Henry, 81. 

Eriometer, an instrument proposed 
by Dr. Young, a description of it ; 
and the manner in which it is to 
be used, 101. 

Eye, the human ; the structure and 
functions of, 340. The refractive 
powers of humors of, 343. The in- 
sensibility of, to direct impressions 
of faint light ; duration of the im- 
pressions of light on the retina, 
350 and 331. The cause of sin- 
gle vision with two eyes, 351. The 
accommodation of, to different 
distances, proved by various ex- 
periments, 353. Lonff-sightedness 
and^ short-sightednem accounted 
for, 353. Insensibility to partica- 
lar colors, 359 and 328. 

Eye-pieces, achromatic, Ramsden's ; 
in universal use in all achromatic 
telescopes for land objects, 301. 



Faraday, Mr., his observations on 
glass tinged purple with manga- 
nese ; its absorptive power altered 
by the transmission of the solar 
rays, 134. 

Fata Morgana, seen in the straits of 
Messina, accounted for, 318. 

Fibres, minute, colors of, 101. 

Fits, the theory of, superseded by 
the doctrine of interference. 111. 

Fluids, circular polarization in, dis- 
covered by M. Biot and Dr. See- 
beck, 188. 

Focal point, 18. 

Foci, conjugate, 18. App. 15. 

Focus, principal, for parallel rays, 17. 
rules for finding the principal ; for 
convex lenses, 41. App. % ; for 
mirrors, 17. App. 14. Distance from 
centre, a mean proportional, &c., 
App. 18. Physical, of mirroirs, App. 
59. ^ 

Fl-aunhofer, M., of Munich, his ob- 
servations on the lines in the spec- 
trum, 78 ; perceives similar bands 
in the light of planets, and fixed 
stars, 79. Illuminating power of 
the spectrum, 80. 

Fresnei, M., explains the phenomena 
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of inflexion or daffraction of ligbt, 
86. Formula fbr polarization of 
JOglit by reflexions, not at maxi- 
mum polarixing nn^le, Ajpp. 83. His 
experiment on the interference of 
polarized light, 180. BiacoTeries 
of, on circular polarization, 189. 

6. 

Olassei, idane, 31. Multiplying, 373. 
Refraction of light through plane, 
36. App. 35. Achromatic opera, 
with jingle lenaea, 304. 

Gordon, the duchess of, 91. 

Gorinc, Dr., his improvements in all 
kinds of microscopes; introduces 
the use of test objeicts, 287 ; a work 
published by him and Mr. Fritch- 
ard on the microscope, 281. 

Gray, Mr. Stephen, 380. 

Gregory, James, the first who de- 
scribed, the construction of the re- 
flecting telescope, 291. 

Grimaldi, his discovery of the in- 
flexion or diffiraction of light, 86. 



Hall, Mr., inventor of the achro- 
matic telescope, 76. 

Halley, Dr., His observations on the 
rainbow, 226. 

Halos, 227. The colors of, described ; 
the origin of, and how inroduced. 



Hare, Dr., observation on translu- 
cency of gold leaf, 3S0. 

Hauy, the abM, discovers the want 
of electricity by friction in anal- 
cime, 184. 

Heats the influence of, on the ab- 
sorbing power of colored media ; 
analogous phenomena in mineral 
bodies, 123. Heat and cold, tran- 
sient influence of, 197. 

Herschel, Mr., his discovery of an- 
other pair of prismatic images in 
thin plates of mother-of-pearl, 105. 
Tlie principal data of the uodula- 
tory theory given by, 119. The 
results of many authors on the 
subject of colored flames, given 
by, 124. His discovery that in 
crystals with two axes the axes 
change their position according to 
the color of the light employed, 
134. 

Herschel, Sir W., his experiment of 
the heating power of the spectrum 
confirmed by Sir Henry Englefleld, 
81. Ink applied by him fbr obtain- 
ing a white image of the san, 121. 
Constructs a telescope, 40 feet 
long, with which he discovers the 
sixth satellite of Saturn, 296. 



Hevelius, his obaervations on a pa* 
raselene, 230. . 

Home, Sir Everard, his description 
of the pearl, 105. 

Hooke, Dr., constructs small sjAeres 
for microscopes, 280. 

Huygens, his discovery of the law of 
double refraction in crystals, 131 ; 
determines the extraordinary re- 
fraction of any point of the 
sphere, 132. Publishes an elaborate 
history of halos, 231 ; his discov- 
ery of the ring and the fourth sat- 

, ellite of Saturn, 289. 

Huddart, Mr., several casies described 
by him of unusual refraction, 216. 

I. 

Iceland spar; of what codlposed; 
found in almost all countries, 126. 

Image bv mirrors, curvature at ver- 
tex o^ App. 24. Change of form 
by change of distance of object, 
App. 24; formed from section, App. 
26 ; by a convex lens, App. 52; by 
a concave lens, App. 54. 

Incidence, angle of, equal to angle 
of emergence, 14. App. 29. Plane 
of, 14. 

Induration, the influence of, 205. 

Ink, diluted, absorbs all the colored 
rays of the sun in equal propor- 
tion ; applied by Sir William Her- 
schel, as a darkening substance, 
for obtaining a white image of 
the sun, 121. 

Interference, the law of, 115. 

lolite, properties of, 211. 

Iris ornaments invented by John 
Barton, Esq. 107. .' 

J. 

Jansen, his invention of the single 

microscope, 279. 
Jurine and Soret, observation of an 

unusual refraction, 218. 

K. 

Kaleidoscope, formation and prin- 
ciple of the, 262. 

Kircher, the inventor of the magic 
lantern, 276. 

Kitchener's, Dr., pancratic eye-tube, 
302. 



Landriani, 81. 

Lantern, magic, invented ^by Kir- 
cher, 278. .^, ♦, . 

Latham, Mr., 221. 

Lerebours, M., has lately executed 
two achromatic object-glasses, 
which are in Sir James South's 
observatory at Kensington, 300. 
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Lens, a plaa^-coiirex. llie principal 
few oC '^ AppL 43. Plaaocoa- 
care. refraetioa by-, AppL47. 

afluxMBatie, 76u 

fjenaem^ tbt fonnatloa of ima^res bj, 
App. jO. Tbeir ma^aifyiai; povrer, 
46. CoDTTX and concave, 2t/7. Appu 
37« 4S, and iL Bnraing and ilia- 
aunatiog, 3bg. 

Lenses, polyzonal, eoiutnicted for 
the Commisiiioners of Nortbem 
LigiillMMuea ; introdoced into tJie 
principal French liflitlioaaes, 9G0. 

L«g^ ^Ji* velocitj with which it 
BOFCs ; move* in itraif fat li nes, 12. 
FaJlinc upon any surfacp, the an- 
gle of ita reflexion equal to the 
anj^ofita incidence, 14. The to- 
tal reflexion oC 31. App. 37. Re- 
fraction of, tbrouirh aured snr- 
ftcea, 37. Refraction of, through 
mfixrea^ 38. Appi 42. Rpfraction of, 
through concave and convex aor- 
fiicea,40. App. 31. Ref/action of, 
throoKb convex lenses. 41. App. 
37. Refraction of, thftmcb concave 
lenses. 44. App. 45. Refraction of, 
through meniscis and concavo- 
convex lenses, 45. .^pp. 48- On the 
colors and decomposition of white 
light, the composition of, difcover^ 
ed by Bit L Newton. G3. Diflerent 
refrangibilities of the rays of; re- 
composition of white light. 65. De- 
composition of, by absorption, 67, 
and 315. The inflexion or di^rac- 
tion of. 86. Several carious prop- 
ertiMof, 107. Tb<; interference of, 
111. The absorption of; 190. A 
new method proposed of analyzing 
white light, 134. Double refraction 
of, first discovered in Iceland spar, 
196. Polarization of, by double re- 
fraction, 138. Partial polarization 
of, by rcflexidn, 140. App. 83 ; and 
by ordinary refraction, 153. App. 
83. Polarized, tb? colors of crys- 
Ullized plates' in, 183. The action 
of metals upon ; absorptive powers 
of, 210. 

Iioadstone, varions experiments by 
professor Barlocci and Zante- 
deschi on the magnetizing power 
of light on, 85. 
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of light kf 
LawoC AppLfiL 

M ariotte, ins coriovi 
the base of the optic 
incapable of 
brain the impveasion of 
vision, 243. Theory of vii 
proved by coatparative aaats 
244. 

Megasrope, a nodifieatioB of 
camera obsenra. 27& 

MeUoni. Signor, otoe rt a ti<»a on 
sorpcimi of heating nyn of i 
tram, 316. 

MeniacoB, 3Z. Its 
rays ; its effect on divoging nya. 
45. Appl4& 

Microscope, sii^e, 51. Tbe aMgai- 
fying power of; invented by Jan- 
sen and DrebeU, S». Made of 
garnet, diamond tvby and snp- 
phire, 280. 

reflecting, 51. First 

proposed by Sir Isaac Newton ; re- 
vived in an im p rove d form by 
'fesaor Amiei of Modena, S8S. 

compound, S83L 

solar, 28& 



Microscopic observations, rales for, 
*^7. 

Mirage, a name given to certain ef- 
fects of unusual refraction, by the 
French army, while marching 
through tbe sandy deserts of Lower 
Egypt, 2ia 

Mirrors, 13u Images formed by. 23. 
Appu 23. Concave, formation of 
images by, 23. App. 24. Tbe prop- 
erties by which they are distin- 
guished, 365; used as lighthoime 
reflectors, and as burning instra- 
ments, 266. Convex, formation of 
images by, 24. App. 26. Plane, 
formation of images by, 25. App. 
96. Spherical aberration oC 57. 
App. 55. Plane and curved, 961. 
Plane buraing, the efEwt produced 
by a number of these, 264. Plane, 
reflexion by, App. 13. 

Mobs, prismatic system of, 173. 

Morichini. Dr., his experiment on the 
magnetizing power of the solar 
rays, 83; roagnetixes several nee- 
dles in the presence of Sir H. 
Davy, professor nayfair, and other 
English philosophers, 84. 



93 



iMtar-offetil, the prfseipd 
of. olMiMd ftoB tte ^ " 



artt; th» 



^ 



<tflte 

in the 

its 



K* 



the co mp o ri tioa of white light, CX 
SeeoBpoMB white light, 6S. in- 
flezion er diftaetiM afiight de- 
■erifaei bf , 86w ffii method of pffD> 
dociiif a Una plate of air ; eon- 
pares the eoiora aeea br.reflesdoa 
^ith thoye aeea h| nraawiiinnioH. 
9S: Hia ulii latjeaa oa the eotwa 
of thick plates prodoeed bj con- 
cave gtase mirrofs, 97. His theory 
of the colois of aatoral bodies, SM. 
His ezperiflseat of aeddeatal eo- 
iora,SS& Was the first who apptted 
a lectaagolar prism in lefleetinf 
telesoopes,27Q. Baecotesaiafleetinf 
telescope with his own hands, 391. 
Hon-laminoiB bodies, 11, 

O. 

Objects, test, the nsa «i; iatrodneed 
hf Or. Goring, 967. 

OUiqae pencil, cases of. App. 19; re- 
flexion bj minor, Appi 19; which 
erosKs axis (rf mirror, Appk S8. 

Opscity, S30l 

Optical fifores, beaatifkiL how pro- 
daced,»3. 

Optics, physical, 61 

Oxides, metallic, exhibit i 
ry cimnge of color by beat, 

P. 

Par^ola, 59. 

Parker, Mr., of Fteetstnet, exeeates 
the most perfect bunting leas ever 
constructed, 96B. 

Pencil, direct and oblique, defined, 
Appi9. 

Phantasmagoria, 877. 

Plates, thin, colors of; 90. Of air, 
water, and glass, 9a Thick, first 
observed and described by Sir I. 
Newton as prodaeed by concave 
mirrcnis, 97; a method by which 
the colors may be best seen and 
their theory best stadied, 99. lie- 
fraction throogh, Appu 36. 

Polarization by reflexion, taw of, 
App. 81. Relative to refraction, 
App. 83. At second surfhce of a 
plate, App. 82. Partial by reflex- 
ion. App. 83. By ordinary refrac- 
tion, App. 83. Cirealar ; this sub- 



tical,19a 
Porta, Baptista, his inveaiieB of thi 

caaaer^ obseara, S74. 
Prissary ilane, Appi 19. 
Principal Ibcal distance, 17. 
Prisms, refraction of light t hr ow gh , 

38. App.9& 
Primss. crown ^aas, and diamond, 

thedisposive powers of, eompaicd, 

71. 
Prism, menisoM, ased Ibr the came- 
ra obscora, 1^ H. Cbevallier of 

Paris, 371. 
Prisms, compound and variable, STL 



Qaartz,9L 



Badiant point, J& 

Bainbow, ptfowry and 
aS3. App. 8BJ The light of both 
wholly pfrfamed ip. the planes of 
the radii of the areii, 8SS.- 

Bamage, Mr., of Aberdeen, cob- 
strdels varioos Newtemiaa tele- 
BOf^ws; the largest of these is 
erected at the Royal Observatory 
of Chreenwich, 397. 

Bays, reflexion of paraOel, 15. App. 
14. Beflexion of diverging, I& 
App. 14. Beflexion of conversing, 
16 App. 16. Beflexion of, from 
eoBcave mirrors, 1& App. 13L Be- 
flexion of, from convex mirrors, 90. 
App. 16. Incident ; refracted, 3& 
Fdcos of parallel; diverging; con- 
verging, for sphere, 39. App. 43. 
Parallel, 41. Rule for flncGng the 
foam of parallel fi>r a glass un- 
eqaally convex, 43. App. 38. Bale 
ftir flading the focus of a convex 
lens Ibr di vening rays, 43. App. 39. 
Rule tbr finding the focus of oon- 
▼erging,40. App.44. Buleft>r find- 
ing the focus or a concave lens Ibr 
dive^ttg, 45. App. 46. Solar rays, 
the magnetizing power of, 83. 
Falling^ perpendicularly on the 
surface of a prism, App. 39. 

Rectangular plates 'or glass with no 
double refraction, 199. 

Reflelcion by specula and mirrors; 
angle of, 13. Plane of, 14. Fits of, 
111. Total, 34. App. 37. Formuin 
for, deduced from those of r^frac- 
tion,App.S7. Surfaces of accurate, 
App. 71. 

Refraction, angle of, 38 ; index of, 30. 
App. 38. Through prisms, 31. App. 
38. And lenses, 31. Af^ 31. llie 
composition of wliite lij^ht discos 
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ered by, 63. Polarisation liy, 1S3. 
App. 8a Unusual, S15. Surfaces 
of accurate, App. 71. 

Befraction, double, the law of, as it 
exists in Iceland spar, 196. Law 
of, App. 79. Communicated to 
bodies by heat, rapid cooling, pres- 
sure, and induration, 135. Gene- 
ral observations on, 214. 

Befr active power, tables of. Author's 
App. 310. Absolute, 310, 315. 

Riess and Moser, MM., their experi- 
ments on the magnetizing power 
of solar rays, 85. 

Rochon, 81. 

8. 

Bcbeele, the celebrated, 8S. 

Scheiner, the original account of a 
parhelion seen by, 338. 

Scoresby, captain, in navigating the 
Greenland seas, observed several 
cases of unusual refraction, 217. 

Secondary plane, focal length in, 
found, Am>. 21. 

Seebeck, M., his experiments on the 
heating power of the spectrum, 82. 
And on tile chemical influence of, 
83. Published an account of ex- 
periments with cubes and glass 
cylinders, 202. 

Self-luminous bodies, 11. 

Senebier, 81. 

Solar spectrum consists of three 
colored spectra of equal lengths,— 
red, yellow, and blue, 68. 

Somerville, Mrs., her experiments; 
produces magnetism in needles, 
which were entirely free from 
magnetism before, by the solar 
rays ; her experiments repeated by 
M. Baumgartner, 84. 

Spectrum, the, 78. Properties of; 
the existence df fixed lines in, 78. 
The illuminating power of, 80. 
The heating power of, 81. Chem- 
ical influence of, 82. 

Spectacles, periscopic, invented by 
Dr. Wollaston, 267. 

Specula, plane, concave, and con- 
vex, 13. 

Sphere, rule for finding the focus of, 
40. App. 42. 

— T of glass, with a number of 

axes of double refraction, 201. 

Spherical surfaces, of same curva- 
ture, refraction by, 49. 

Spheroids, glass, with one axis of 
double refraction, 201. 

Substances with circular double re- 
fraction, 136. 

Sulphuric acid, 73. 



Surfaces, grooved, the production of 
color by ; and of the communica- 
bility of these colors to various 
subetancies, 104; applied to the 
arts by John Barton, Esq., 106. 

T. 

Tftbasheer, the refractive power of, 
239. 

Talbot, Mr., his experiments on the 
colors of thin plates, 97. His ob- 
servations on films of blown glass, 
100. 

Teinoscope, 303.^ 

Telescope, reflecting, 50. Astronom- 
ical refracting, 51. Achromatic, 
one of the greatest inventions of 
the last century, pronounced by 
Newton to be hopeless; accom- 
plished soon after his death, by Mr. 
Hall ; brought to a high d^ree of 
perfection by Mr. Dollond, 76. Ter- 
restrial, 290. Galilean, 291. Gre- 
Sorian reflecting, 291. A rule to 
nd the magnifying power of^ 293L 
Cassegrainian, 293. Newtonian, 
an improvement on the Gregorian 
one, 294. Sir William Herschel's, 
296. Mr. Ramage's, 297. Achro- 
matic solar, with single lenses, 305. 
Imperfectly Achromatic ; the im- 
provement of, 306. 

Thenard, the first who observed 
blackness produced on pbospho 
rus, 124. 

Thicl^ness, correction for, App. 35. 

Topaz, Brazilian, 210. 

Transmission, fits of, 111. 

U. 

Undulations, theory of, 116 and 318. 
Great progress of, in modern times; 
tiie doctrine of interference in ac- 
cordance with, 118. 

V. 

Vergency, term used by Lloyd, App. 12 

Villete, M., of Lyons,' burning in- 
struments made by, 266. 

Vince, Dr., his observations on un- 
usual refraction, 216. And on a 
most remarkable ease of mirage, 
218. 

Vision, the seat of, 243. Erect, the 
cause of, from an inverted image, 
246. Distinct, the law of, 247. Ob- 
lique, 248. 

Visible direction, the law of, 345; 
the centre of, 246. 
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w. 

Water, the Bbsorptive power of, 190. 
For heating rays, 317. ■ 

Wollaston, Dr., his discoveries on 
tlw chemical effects of light on 
guni guaiacum, 83. His invention 
of the lieriscopic spectacles, 367. 
Of the camera lucida, Si77. Dou- 
blet, S84. Refraction through 
strata of air of difierent densities 
proved by, 219. 

IVnnsch, M., his (^Mervations on 
alcohol and oil of turpentine, 8Sfi. 



Y. 

Toung, Dr., his invention of the in- 
strument called the eriometer, 101. 
His illustration of the tindulatory 
theory drawn from the spring and 
neap tides, 118. His experiments 
on the interference of fie rays of 
Ught, 114. 

Z. 

Zantedeschf , M., his ofaservationd on 

oxidated macnets and those which 

Mte not oxidated; repeats Mr. 

Xlhristie's experiment on needlea 

vibrating in the sun's light, 8S. 



THE END 



